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Water has long been the agent of choice for fighting Class' A' fires In fact the thermal 
characteristics of water make it ideally suitable as an extinguishing agent for most types 
of fire, whether it is used to extract heat directly from the flames, the hot products of 
combustion or from the surface of the fuel The phase change from liquid water to 
water vapour (steam) is particularly effed.ive in extracting thermal energy and the 
production of large quantities of water vapour may further contribute to fire 
extinguishment by inening the surrounding atmosphere, especially where the fire is 
confined to some extent The literature review which forms the basis of this report has 
been conducted in order to establish the current state...of·the-art regarding the use of 
water sprays for the suppression and extinction of Class' A' fires It is concluded that 
the current state-of-the-art is close to the point where a description of fire extinction can 
be given from the initiation of suppression to the point of final extinguishment. this is a 
stated FRDG objective However. certain gaps in the knowledge base still exist and 
these are highlighted. provisional reconunendations are made for the direction of future 
research in these areas 
MANAGEMENT SUM.MARY 
lotroduction 
The Fire Experimental Unit of the Home Office Fire Research and Development Group 
is seeking to produce a comprehensive description of the suppression and extinction of 
Class' A' fires The Fire Safety Engineering Group of Edinburgh University was asked 
to conduct a literature review to establish the current state-of-the-art regarding the use 
of water sprays to suppress and extinguish Class' A' fires and to identify any gaps in the 
current knowledge base This report presents the results of this exercise at a moderately 
technical level and concludes that the current state-of-the-art is close to achieving the 
stated FROG objective However, certain gaps in the knowledge are also highlighted, 
and provisionaJ recommendations are made for the direction of future research in these 
...... 
Although research output in the general area of 'fire safety science' has grown steadily 
over the past few decades. the subject of fire suppression has received relatively little 
attention This situation has changed dramatically over the last few years with the 
interest in water mist as a replacement for Halon gas fixed fire protection systems The 
current review is timely in this respect since many published works on the subject of fire 
suppression by water sprays are now available, although certain differences between 
fixed systems and manual fire suppression must be borne in mind 
Mechanisms of extinction of Class 'A' fires by water sprays 
There are potentially three mechanisms by which water can effect the suppression and 
extinction of Class 'A' fires 
• Coolmg of the combustible solid fuel surface, which reduces the rate of pyrolysis and 
hence the supply rate of fuel vapour to the flame zone This reduces the rate of heat 
release by the fire, consequently the thermal feedback from the flame is also reduced 
and this augments the primary cooling effect of the suppression agent The 
application of a water spray to the fuel bed is typical of this method, 
• Coolmg of the flame zone directly; this reduces the concentration of free radicals (in 
particular the chain-branching initiators of the combustion reaction) Some 
proportion of the heat of reaction is taken up by heating an inert substance (such as 
water) and therefore less thennal energy is available to continue the chemical break­
up of reactive compounds in the vicinity of the reaction zone One function of the 
new water mist technology is to act in this manner, the fine droplets providing a very 
large surface area per unit mass of spray in order to increase the rate of heat transfer; 
• lnerlmg the air feeding the flame by reducing the oxygen partial pressure through the 
addition of an inert gas (e.g. N2, CO2, H20 vapour) This is equivalent to removing 
the oxidiser supply to the flame Large test fires in enclosures (mainly Class'S' and 
'C) have been rapidly suppressed and extinguished by water mists, primarily due to 
the atmospheric inerting which accompanies the production of large volumes of 
Water vapour in confined spaces 
In order to ensure the final extinguishment of. Class' A' fuel, it is essential to cool the 
fuel bed below some critical level, expressed either as a critical surface temperature or a 
beat flux (kW mol) to be removed from the bulk of the fuel If this is not done then there 
is a high probability of re-ignition (or 'bumback') when water application ceases 
Types of water sprays used for firefiahtina 
The nature of the water discharge worn a firefighting branch may be broadly classified 
into one of two characteristic types a soltd jet or a diffo,u jtt ('spray-jtt') The 
advantages of the spray jet have been reported since the early 19005 and it has long been 
recognised that very efficient fire extinguishment is possible using only a small amount 
of water; the recent search for Halon alternatives has re-vitalised this area of fire 
suppression research The development of nozzles for use in fixed-equipment Water 
Mist Fire Suppression Systems (WMFSS) has concentrated on the generation of 
populations of very small droplets (- 10-200 j.ilJl) with the twin aims of promoting rapid 
droplet evaporation in the presence of a fire and mimicking as far as possible the 
transport characteristics ofHalon gas to obtain an adequate dispersion of the mist within 
a fire compartment The operating pressures of such systems vary widely from - 5-300 
bar (70-4400 psig) In the UK, the Fire Service employ two distinct systems for 
delivering water to a fire the main jet/spray branch supplied by a 70 mm diameter hose 
or, in the majority of cases, the more manoeuvrable 19 mm hosereel system fined with 
an adjustable spray branch The fonner operates at pressures of typically 7 bar (100 
psig), delivering water at flow rates up to - 1100 I min-I, while hosereel. systems 
generally operate above 10 bar (150 psig) providing flow rates of up to - 150 tmin-I 
Choice ofan 'optimum' droplet size for firefighting sprays 
The possible existence of an 'optimum droplet size' for firefighting has been considered 
by several authors, taking into account the thennodynamic properties necessary to 
promote rapid cooling and the need to project such sprays into hot, energetic, gaseous 
atmospheres The problem is compounded by the need to cool not only the 
compartment gases, but moreover the hot fuel surfaces in order to achieve final 
extinguishment of Class' A' materials Fuel cooling is essential, but the contribution of 
gas phase cooling is also imponant, not least to ensure a tolerable envirorunenl in which 
firefighters can operate, in addition, where ventilation is restricted, extremely rapid initial 
flame knockdown is possible as a result of gas phase cooling and the subsequent 
formation of an inerting water vapour atmosphere The optimum drop sizes ror efficient 
gas phase cooling and radiation absorption are much smaller than those required to 
reach the solid fuel surface, since the laner must possess sufficient momentum to 
traverse the buoyant fire gases without being deflected The 'optimum' drop sizes 
proposed in the literature fall in the wide range from 2 � to 2 mm, for radiation 
attauation and fuel bed cooling respectively In practice it is usual to produce a wide 
range of drop sizes within 'polydisperse' sprays and ror firefighting this is probably 
beoeficial, some adjustment of spray characteristics at the nozzle is obviously 
� oov.ever, given the foregoing discussion 
TbeoreJjcal models of suppression and extjnctjon 
Several theoretical models of suppression and extinction are discussed in this report and 
these fall broadly into two groups those which anempt to describe the suppression and 
extinction problem in some 'local' sense (e.g. in the environs of the fuel surface andIor 
within the flame zone) and those which formulate the problem as part of a larger 
physical framework, typically a compartment containing a fire Some interesting results 
have been published, for example in one case it was estimated that - 6:r'''' of the water 
applied to a room fire was required to cool the fuel below its characteristic ignition 
temperature. this was found to agree well with large scale experimental data While 
some of the more 'fundamental' modelling approaches are mathematically elegant, they 
are not readily comparable to practical situations (e.g. to typical fire suppression test 
data) Unfortunately, it is also generally the case that such theoretical models have been 
subjected to insufficient independent scrutiny and have been used to solve only the 
particular problems devised by th6r originators Additional independent testing of these 
models is required in order to assess the utility of the various modelling techniques 
E)(peri.mental fire suPPression tests 11 srn,II and large scales 
An extensive review of fire suppression tests on confined and unconfined fires at a range 
of scales has been perfonned and several important points have emerged 
• For any given fire there exists a critical application rate of water, � (I m·2 min"), 
below which the fire cannot be extinguished In general, m=c increases "ith 
increasing pre-bum time and also (for companrnent fires) with the total area of 
ventilation openings (A¥) In practice, firefighters adopt a higher 'preferred rate' of 
water application, due in part to the need to cool their surroundings, 
• There is also a 'minimum time to extinguishment'. which is found to be very 
repeatable during tests if the firefighter is familiar with the experimental 
configuration, 
• Values of m:.: determined in the laboratory are consistently some 10-100 times less 
than those required in practice, due in part to the additional cooling requirement of 
firefighters (as mentioned above), 
• The primary function of water in Class' A' fire suppression is to remove heat from 
the body of the fuel and therefore the water requirement depends on the 'heat 
content' of the fuel rather than the instantaneous heat release rate (HRR) of the fire 
In fact, the rate of heat absorption from the fuel bed required to achieve 
extinguishment is generally far less than the HRR of the fire itself Higher values of 
critical water application rate (m.::..,) have been observed for 'densely-packed' fuel 
beds than for 'loosely-packed' ones, 
• Based on small scale wooden crib fires, it has been postulated that the 'fundamental 
condition for total fire extinction' may be expressed as relgnillOn lII"e 2: time 
required Jor sweepmg the enllre Juel surface with water, 
• Small water droplets generated by mist systems provide a more efficient heat sink 






• 1t has been observed that water mists are most effective when injected at high velocity into the combustion zone, and preferably at low level, 
• It has been noted that if a large confined fire is allowed to develop, heating the 
surroundings and depleting the compartment 01C)'gen concentration, then rapid 
extinguishment is possible by water mist or sprays This is due to the rapid cooling 
and production of water vapour and the combination of cooling and inerting effects 
results in extremely efficient extinguishment, 
• In general, firefighting tactics are more imponant than variations in the characteristic 
droplet size or velocity However, in the context of Fire Service operations, drop 
size has some relevance during the initial gas-phase cooling of compartment fires A 
smaller drop size promotes more efficient cooling and therefore the influence of 
droplet size is greatest when the fire cannot be extinguished by fuel cooling (�.g. low 
firepoinl liquids such as petrol) 
• For Class 'A' fires, where solid-phase cooling is necessary, the efficiency of this 
process is expected to be less influenced by drop size, provided the water can reach 
the fuel surface Recent work by the FEU, where high- and low-pressure hosereel 
systems (operating between 2-45 bar) were evaluated, has confinned this hypothesis 
and it was concluded there that firefighting tactics are more decisive than any 
variations in characteristic droplet size or velocity; 
• Regarding firefighting tactics for confined Class' A' fires, initial flame knockdown is 
achieved faster and with less water using a spray nozzle However final extinction 
requires the same volume of additional water, regardless of the application method 
Get/spray), provided the water reaches the fuel surface. Pulsed spray application in 
the early (room-cooling) phase reduces the possibility of 'steam bums' to the 
firefighter since the rate of production of clouds of water vapour is more predictable 
and therefore more easily avoided by crouching at low level Wide-angle fog is 
recommended during this phase, followed by a narrow-angle fog or solid jet, 
panicularly for fuel cooling of deep-seated Class 'A' materials which require 
adequate cooling to ensure final extinguishment (thus precluding 'bumback'), 
although gas-phase cooling and inerting of the fire atmosphere are beneficial to the 
firefighters' comfon and also contribute some suppressive effect 
Class 'A' additjves 
Many diverse additives have been proposed over the last three decades or so, with the 
aim of improving the effectiveness of firefighting water, by reducing the time taken to 
achieve flame e)(finction and reducing the total volume of water required Much of the 
research effon on Class 'A' additives has focused on the use of surfactant chemicals 
such as AFF , AFF -AR, FP, FP-AR, FFFP, FFFP-AR etc which were originally 
developed for Class '8' fires and were intended to be applied as aspirated foams 
However, because of the three-dimensional nature of typical Class' A' fires, a greater 
degree of agent penetration is required initially and therefore additive streams are 
generally applied un-aspirated in these situations. The surface tension (0") of these 
solutions is less than that of plain water and hence the 'wettability' of the solution is 
increased, this improves both the fuel-bed penetration and rate of heat extraction of the 
�xtinguishing water by conduction (since the contact area of individual water droplets is 
mcreased) 
Thickening agents have been used to produce solutions of 'viscous water'. which are 
reponed to achieve faster knockdown, more rapid extinguishment and a reduced 
tendency to bumback, in addition, runoff and total water consumption were reduced �he literature contains much anecdotal evidence from forest fire operations where 
VISCOUS water was seen to reduce the suppression time and prevent bumback. An 
additional benefit of viscous water is its ability to adhere to vertical surfaces 
Chemical inhibitor additives work by intenupting the chemical chain reactions required 
to sustain combustion e.g. potassium carbonate solution is known to be effective 
against Class 'A' materials, the alkali metal salts in general are more effective as the 
atomic number increases, therefore potassium bicarbonate is better than sodium 
bicarbonate, which in turn is better than lithium bicarbonate Remarkable (- 70'/O) 
reductions in the total extinguishing water requirement have been reponed from recent 
room and contents bums, using a 20% by mass diammonium-hydrogen phosphate 
solution 
Class 'A' foam is a relatively recent development and recent US test experience of a 
CAFS (compressed air foam system) against post-flashover compartment fires has 
shown that an aspirated 0 5% solution can promote very rapid cooling of compartment 
gases, up to - 500% faster than plain water over the range - 540 °C to 100 °C and this 
required only 18% of the total plain water application to achieve this result The 
relatively low steam and smoke production gave better visibility throughout the attack 
It has also been suggested that this agent cou1d provide a more efficient attack on high 
heat release rate synthetics in domestic fires without incurring the Jogistical problems 
associated with merely increasing plain water delivery rates beyond - 350 I.min-I 
Small scale tests of plastics fire suppression by 'wet water' have shown that increased 
adhesiveness is COMected with ease of extinction and that wet water can be much more 
effective than plain water in many instances Large scale plastics fires data have not 
been reponed in the literature. Wet water applied as fog has been found to be better 
than solid stream application, but not in the case of foam plastic fires 
Conclusions 
The main conclusions of this repan are as follows 
I The dominant mode of Class 'A' fire suppression has been identified as fuel cooling, 
although indirect cooling and inertion of the fire atmosphere may also play a role, the 
laner mechanisms are however more relevant to the initial knockdown of the fire than 
to its final extinguishment There is genera1 consensus in the literature that a Class 
'A' fire cannot be 6naUy extinguished until the fuel bed is cooled below some critical 
value, either expressed as a critical surface temperature or as a critical rale of heat 
Dux to be absIracted 
• 
2 Our present understanding of the processes involved during fuel cooling by water 
impingement is however, far from complete. This is particularly true for materials of 
low thermal conductivity, which are the most relevant to Class • A' compartment 
fires A1though some progress has been made in recent years, much remains to be 
done, particularly in the case of textiles and composite materials 
3 The critical application rate of water (1 m'l min'l) required to secure the 
extinguishment of a Class' A' fire has been shown to be a highly variable quantity, 
which depends upon parameters such as fuel type, geometry and pre-bum period, 
compartment geometry and degree of ventilation, spray characteristics and 
application method etc 
4 Some objective 'consolidation' of the various semi-empirical models is required 
(together with some independent validation tests against more recent empirical data) 
It would be of interest to compare the predictions of these models by simulating some 
of the most recent FEU experiments on the suppression of Class 'A' compartment 
fires A qualitative agreement between the FEU 'three phase' model of 
extinguishment and the published results from the 'Fire Demand Model' has been 
identified in this repon A particularly useful element of output from this model is an 
inventory of the suppression water applied, from which may be judged the efficiency 
of water application and the volume of water vapour generated etc It is also claimed 
that the 'FD' model can predict levels of air entrainment during compartment fire 
suppressIOn. 
5 Given that there is a sudden transition to extinction from flaming combustion, the 
problem would appear to be amenable to analysis by non-linear modelling techniques 
(i.e. 'catastrophe theory'), which are now employed routinely in the study of various 
natural phenomena. including fire growth problems. Any future theoretical analysis 
of fire extinguishment should consider making use of this mathematical technique 
6. The interaction between water sprays and buoyant fire plumes has been widely 
studied, particularly in the case of sprays discharging vertically downwards 
(characteristic of sprinklers). Complex computer algorithms have been developed in 
order to track the progress of water droplets travelling in high temperature gaseous 
atmospheres and to estimate the magnitude of air entrainment into these sprays At 
present however, there has been no comprehensive study of similar phenomena which 
occur during manual fire-fighting operations where the initial droplet trajectories are 
typically horizontal, or very nearly so The existing drop size distributions for jet­
spray branches are sparse and have not been used to assess the ultimate fate of water 
droplets during fire-fighting in compartments. 
7 There does not appear to be a consensus emerging from the literature on the benefits, 
or otherwise. of adopting high pressure (> lObar, - 150 psig) hosereel systems for 
tackling companment fires. Some writers cite the advantages of finer sprays coupled 
with increased 'throws' but others remain sceptical. There would appear to be some 
scope for funher investigation and clarification in this area. 
8. Regarding the use of additives in firefighting water, two areas have been identified 
which might repay further study. Firstly the effectiveness of thickening additives has 
been reported independently by several authors, the reponed benefits included 
reduced water runoff, reduced time to extinguishment and delayed bumback. The 
additive trials reponed by the FEU to dale have not investigated so-called 'viscous 
water' and it is recommended that future trials do include such agents Secondly, the 
possibility that sprayed AFFF can produce chemical flame inhibition has been 
suggested to explain the rapid knockdown of certain Class '8' fires in the US 
Although FEU companment fire tests have not confirmed this effect, it is suggested 
that funher research in this area is warranted 
9 Finally, in the longer term, a natural extension of this work would be to consider the 
suppression and extinction of other classes of fire 
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I. INTRODUCf'ON 
The Fire Experimental Unit of the Home Office Fire Research and Development Group 
is seeking to produce a comprehensive description of the suppression and extinction of 
Class ' A' fires The Fire Safety Engineering Group of Edinburgh University were asked 
to conduct a literature review to establish the current state-of-the·an regarding the use 
of water sprays to suppress and extinguish Class ' A' fires and to identify any gaps in the 
current knowledge base 
This report presents the results of this exercise at a moderately technical level and 
concludes that the current state-of-the-an is close to achieving the stated FROG 
objective However, certain gaps in the knowledge base are also highlighted, and 
provisional recommendations are made for the direction of future research in these 
arelS 
Although research output in the general area of 'fire safety science' has been steadil y  
growing over the past few decades, the subject of fire suppression has received relatively 
Ji«le a«ention This situation has changed dramatically over the last few years with the 
interest in water mist as a replacement for Halon gas fixed fire protection systems The 
current review is timely in this respect since many published works on the subject of fire 
suppression by water sprays are now avail able, although certain differences between 
fixed systems and manual fire suppression must be borne in mind 
The report begins by defining Class 'A' fires and describing the development of a 
compartment fire, the mechanisms of extinction of Class 'A' fires by water are also 
discussed Thereafter. the subjects of nowe design, spray production and droplet 
characteristics are addressed and the possible existence of an 'optimum droplet size' for 
firefighting is considered A review of theoretical models of suppression and extinction 
is included and is followed by a summary of notable experimental studies Finally. the 
use of additives in connection with Class ' A' fire suppression is discussed 
I 
2. DEFINITION OF CLASS 'A' FIRES 
2.1 General 
The current British/European Standard BS EN 2: 1992 Classification of fires 
(Reference I )  defines four categories of fire, according to the material undergoing 
combustion, This system has been used extensively in the research and development of 
fire fighting extinguishants and in discussions of other fire-related matters, 
Class A: fires involving solid materials, usually of an organic nature, in which 
combustion normally takes place with the formation of glowing embers, 
Class B: fires involving liquids or liquefiable solids, 
Class C: fires involving gases, 
Class 0: fires involving metals, 
Book I of the Home Office Manual of Firemanship (Reference 2) contains the 
following definition of Class 'A' fires: 
"These are fires involving solid materials normally of an organic nature (compounds of 
carbon). in which combustion generally occurs with the formation of glawing embers. 
Class A fires are the most common and the most effective extinguishing agent is 
generally water in the form of a jet or spray, " 
(In addition, it should be noted that solid rubber is designated a Class 'A' fuel whereas 
molten rubber is defined as Class 'B'; these definitions have important implications for 
tackling fires involving vehicle tyres,) The present authors consider that there may be 
some ambiguity regarding the classification of some thermoplastics such as polyethylene 
etc. which burn as pool fires, The Class ' A' definition given above covers those solids 
which "generally" form glowing embers; most thermoplastics do Dot form glowing 
embers (PVC can produce a char) yet they do constitute a large proportion of the 
synthetic materials used in building construction. As they liquefy before burning, they 
would seem to fall into the Class B category, however the situation is more complex. 
Historically, Class B fires are associated with the most common form of liquid fire: the !-I: hydrocarbon pool fire, less dense than water and are not efficiently 
�, cooled by wateL bJlcause are released (i,e. 
-t'they In contrast, generally have firepoints in 
excess of 200 ·C, and in some cases 300 ·C, and can be effectively cooled by water 
application. 
j 
Hirst (Reference 3) used the European fire classification to rank the effectiveness of 
various types of extinguishant media. Table I ,  on page 3, shows Hirst's ranking of agent 
performance into the categories poor (P), good (G) or very good (VG); 'NO' indicates 
that the agent is unsuitable for that fire class, It can be seen that water is again identified 
as the best agent for Class 'A' fires, in agreement with Reference 2. 
2 
• 
The emphasis of the present study is on the extinction and suppression of Class 'A' fires 
by water; however, other fire types are also mentioned in passing where a comparison of 
the extinction process is of interest. 
Table 1 
Extinguisher performance against different fire types (after Reference 3) 
Fire Agent 
Classification 
Water Foam CO2 Halon Powder Special 
121 1 powders 
European 
classes 
A VG G P G1 P G' 
B NO VG G VG VG 
C NO NO G VG VG 
D NO NO NO NO NO G 
I Tbe designation 'G' is debatable here, since neitber agent produces direct cooling of Class ' A' fuels 
2.2 Implications for fire-fighting of Class 'A' fires 
2.2 . 1  Heat transfer aspects 
Cox (Reference 4) identified the essential feature of an "unwanted fire" as the control of 
the fuel supply by the positive feedback of heat from the products of its own 
combustion. Irrespective of whether the fuel is initiaJIy solid (Class 'A') or liquid (Class 
'B'), the supply of gaseous volatiles is produced via this feedback of thermal energy; 
where the characteristic fire dimension is >0.3 m, the feedback is dominated by thenna! 
radiation. Such fires are of the diffusion flame variety, and are usuaJIy turbulent in 
character (see also Reference 5). The more products of combustion that are released, 
the greater is the radiative heat feedback and the consequent rate of release of volatiles; 
the latter then bum and release an even greater quantity of products per unit time, and so 
on. This process is ultimately self-limiting however, since the flame emissivity cannot 
exceed unity and there is also a certain amount of radiation absorption by the vapour 
zone above the fuel surface. 
Drysdale (Reference 6) discussed an expression ofthe form, 
. . Q" - Q" m" = _0 L 
Lv 
which described the rate of burning of solid and liquid fuels, where 






mass burning rate per unit area (g.m·2.s·l) 
rate of gain ofthenna! energy per unit area (kW.m·2) 
rate ofloss of thermal energy per unit area (kW.m·2) 
3 
( \)  
- latent heat of evaporation (or 'heat of gasification' for solid fuels) (kJ SI) 
and QQ .  Ol: incorporate conduction, convection and radiation components of heat 
transfer Drysdale (Reference 6) identified two major differences between flammable 
liquid fires and those involving solid fuels, in the latter both the surface temperature 
during burning and the magnitude of Lv tend to be significantly greater than those 
associated with Class '8' materials The relatively high surface temperature of burning 
solids (- 400·500 0c) in turn leads 10 significant radiative heal losses, while high values 
of Lv are indicative of the additional thermal energy required for the chemical 
decomposition (pyrolysis) of solid fuels (see Table 2 below), 
Table 2 
Lv values for some solid and liquid fuels (adapted from Reference 6) 
Material 
Polycarbonate (solid) 
Wood (Douglas Fir) 
Polystyrene (solid) 
Methyl alcohol (liquid) 








AJtbough a value of Lv for 'wood' appears in Table 2, it was noted in Reference 6 that 
there was no clear consensus on the numerical value of this parameter in the literature, 
with reported values ranging from around 1.8·7 0 kJ.gol. This was anributed to the 
complex nature of wood (inhomogeneous and anisotropic) and inherent differences 
between the various species 
The formation of a char layer on the burning surface of wood and some synthetic 
polymers has the initial effect of reducing the heat transfer rate to the unpyrolysed layers 
below and so reducing the pyrolysis rate Consequently, an increased value of imposed 
heat flux ao may be required 10 re.establish a flow rate of volatiles sufficienl to sustain 
combustion ffigher surface temperatures will obtain, in order to maintain the required 
flow of heat through the char layer, and so Ihe radiative component of OL will also 
increase, although surface oxidation of the char layer will offset these losses 10 some 
degree (Reference 6) Wood discolours and chars at temperatures above 2()()"250 °C 
and when burned or heated above 450 °C, only some 15·25% of the original mass 
normally remains as char The 'burning rate of wood' is commonly quoted in terms of 
the linear rate of formation of a char layer and the empirical expression, 
Rw = 2.2 x IO·2j (2) 
was reponed in Reference 6, where I is the external heat flux (kW mol) and Rv.' is the 
burning rate expressed in millimetres per minute The 'standard' rate ofbuming ofwood 
is often given as 0 6  mm min·I, derived from measurements of char depth on wooden 
beams and columns exposed to a standard fire test (Reference 6) However, it is known 
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that localised temperatures of - 1 100 °C may be developed in compartment fires, with 
associated heat flux values of some 200 kW.m"2; these conditions lead to predicted 
burning rates (i.e. char formation rates) as high as 4 4 mm.min"' from equation (2). 
2.2,2 Mechanisms of flame spread in Class 'A' fires 
The mechanisms of flame spread and fire growth are somewhat different for the different 
classes of fire. Solid fuels for example, may be burned in any orientation, unlike liquid 
fuels where the flame is always located above the horizontal free surface and flame 
propagation is likewise always horizontal; a notable exception to the latter is the 'running 
liquid fire', a hazard in the petrochemical industry, where a leak of burning liquid fuel at 
high level discharges onto the surfaces below. It is apparent that fire spread by flowing 
liquid is governed by the flow of the fuel under gravitational forces, which is quite 
different to conventional fire spread between Class 'A' solid fuels (see also the comments 
on the possible inclusion of thermoplastic materials as Class 'A' fuels in Section 2. 1).  
The spread of fire, whether on individual 'fuel elements' or between those 'elements' 
(such as items of furniture) in enclosures, has been the subject of much attention in fire 
science literature over the years. Historically, this research effort has been aimed at 
ranking the fire hazard posed by various types of building material, burning in different 
configurations (e.g. horizontal, upward and downward flame spread). Several workers 
have also endeavoured to produce theoretical models of flame spread in an attempt to 
understand the processes governing the spread offlame on individual 'fuel elements', and 
in particular to predict the flame spread rate V (either in m.s"' or m2.s-'). Although these 
models have had some success in specific circumstances it is true to say that, at present, 
no general model exists which can faithfully predict the development of a room fire 
containing arbitrary materials. 
Williams (Reference 7) considered the concept of 'fire spread' to be meaningful only in 
situations where both burning and non-burning combustibles could be identified, where 
'burning' was used in its most general context, to include all processes ranging from 
glowing combustion to vigorous flaming. Fire spread was deemed to occur only where 
some form of 'communication' existed between the burning region and the non-burning 
fuel. In all cases of practical interest, the 'communication' across the boundary 
separating these regions was perceived to be thermal in nature (e.g. conduction, 
convection, radiation, or flaming embers); the transfer of thermal energy from burning to 
non-burning (or 'virgin') fuel is necessary to promote chemical decomposition 
('pyrolysis') and the associated production of fuel gases ('the volatiles'). Williams 
concluded that the first objective in describing the fire spread process was to identify the 
dominant mode of heat transfer across the so-called 'surface of fire inception'. 
Regarding the spread of fire among discrete elements, Williarns (Reference 7) noted that 
the number of practical fire spread mechanisms would be reduced since heat conduction 
through the fuel can generally be dismissed as an option for item-to-item fire 
propagation. In this case the principal mechanisms are radiation, the convection of hot 
gases and the expulsion of burning particles. 
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2,2,J Fire spread in pre=flubover compartment fires 
Companment fires in domestic or commc:rcial premises represent by far the most 
common type of fire attended by the Fire Service in the UK, therefore the process of fire 
development in these cases has particular relevance to the present repan Drysdale 
(Reference 6) has presented an extensive account of the development of compartment 
fires, in both the 'pre-flashover and 'post-flashover regimes In the context of the 
present study of Class 'A' fire extinguislunent, a brief account of the development of 
companment fires is useful, and can be made with reference to Figures 1-6, reproduced 
from the BRE video The From Room Fire This experiment, perfonned in the FRS 
Cardington test facility in 1989, employed a specially-constructed test companment 
containing typical domestic 'front room' furniture and finings The ignilion source was a 
single match placed on the seat of a settee, and the progress of the fire was observed and 
filmed from locations adjacent to the front wall, which remained absent during the test 
The degree of confinement of the test room was therefore much less than would be 
typical of a 'real' compartment fire and consequently the fire was not ventilation­
controlled 
In the laller case a deep smoke layer develops and its base gradually descends towards 
the floor; consequently the upper flame zone becomes enveloped in an increasingly 
vitiated atmosphere At the same time, the compartment temperature tends to increase, 
since the reservoir of cool air available for entrainment into the flame and the upper 
smoke layer is depleted Under these conditions the onset of flashover tends to be 
delayed due to a lack of oxygen and the rate of heat release from the fire is observed to 
fall of( although the compartment temperature remains high Fire-fighters arriving at 
this point are faced with very hazardous conditions since the sudden admission of 
oxygen into the companment, resuhing from the opening of a door or window, is liable 
to result in an explosive backdraught 10 contrast, the freely-ventilated geometry of the 
BRE 'front room' test precluded the fonnation of a deep smoke layer and probably led 
to an earlier transition to flashover since the supply of oxygen was unrestricted 
Drysdale (Reference 6) described three possible outcomes for the compartment 
environment, after localised burning has become established 
• the fire may bum itself out without involving other items of combustible material, 
particularly if the item first ignited is in an isolated position, 
• if there is inadequate ventilation, the fire may self-extinguish or continue to bum at a 
very slow rate dictated by the availability of oxygen; 
• if there is sufficient fuel and ventilation, the fire may progress to full room 
involvement, in which all combustible surfaces are burning 
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The discussion which follows, and the figures which illustrate it, are associated with the 
last of these scenarios. 
Figure I :  During the early growth stage of the fire, the flames remain confined to the 
item first ignited and the fire behaves as it would in the open. The initial (relatively 
slow) spread of flame over the settee is due principally to thermal conduction and 
convection; radiation effects are negligible at this stage. 
Figures 2 & 3:  As the fire grows more rapidly, radiative heat transfer becomes 
increasingly more significant, although the production of volatiles is still confined to 
fuel surfaces in the immediate environs of the ignition zone. A large amount of hot 
smoke begins to accumulate under the ceiling. The interior surfaces of the 
compartment and non-burning fuel elements become subjected to an increasing level 
of thermal radiation; smoke production increases rapidly. 
Figures 4 & 5:  As the rate of volatile production increases, the flame height increases 
proportionately. Radiation and smoke production also increase dramatically, with 
the latter's contribution to the former increasing as the smoke concentration, layer 
thickness and temperature all increase. The 'positive feedback' effect from the hot, 
stably-stratified smoke layer is proportional to the increasing 'view' that the fuel has 
of its own hot combustion products; for fires of size - 0.3 m and above, radiative 
feedback is the dominant mechanism of heat transfer (Reference 4). The increasing 
level of radiative heat transfer to the virgin fuel accelerates the rate of release of 
volatiles and flames are seen to extend into the smoke layer in transient bursts, where 
the entrained oxygen concentration is sufficient to sustain combustion. 
Figure 6: 'Flashover' is the term given to the relatively abrupt change from a localised, 
and still relatively easily extinguished, fire to the complete involvement of all the 
combustible elements within the compartment. Any occupants who have not 
escaped the fire by this stage are unlikely to survive (Reference 6). 
This sequence of fire development is depicted schematically in Figure 7, where the 
periods of growth, full development and final decay are identified. In this diagram 
'flashover' is shown to occur over a finite period of time, which is the case in reality; 
although short in relation to the main stages of the fire history, the flashover period 
cannot be construed as an instantaneous 'event'. The lower (dashed) curve illustrates the 
course of a hypothetical fire where flashover does not occur, either because the available 
fuel has been consumed or due an insufficient supply of oxygen. 
Attempts have been made to quantify the conditions associated with incipient flashover 
(Reference 6), such as a floor level heat flux of20 kW.m·2, ceiling temperatures of - 600 
°C, and critical values of burning rate (ril) or heat release rate (Q). Despite these 
attempts, and others, there still does not exist a general method to estimate the 'flashover 
potential' of an arbitrary compartment. Drysdale (Reference 6) also reported that the 
thermal inertia ( kpc )  of the compartment boundaries plays a major role in determining 
the time to incipient flashover. It has been found that if the internal surfaces of the 




flashover is reduced dramaticaUy; Drysdale illustrated a four-fold reduction in fiashover 
delay between walls lined with brick and those lined with fibre insulating board It was 
stressed however, that this effect is only relevant when the insulation material forms the 
iMer face of a compartment boundary, the usual practice of providing an iMer wall of 
plasterboard tends to counteract this effect The presence of wall insulation is also 
relevant to the post-fiashover compartment fire, considered in the next section 
2.2 4 Typical (post-flasboverl companment fires attended by the Fire Service 
Notwithstanding the threat to occupants posed by the pre-flashover compartment fire, 
the Fire Service generally do not anend fires in the early regime described above, 
arriving later when the behaviour is again quite different Post-fiashover companment 
fires are typified by the total involvement of all combustible surfaces (Figure 6), leading 
to a maximum rate of heat release and gas temperatures up to - 1 100 GC Figure 7 
shows this peak, which occurs during the 'fuUy developed' stage, and the subsequent 
'decay period' The details of the post-flashover fire history are dependent upon the 
quantity and disposition of the fuel elements and the geometry of any ventilation 
openings (Section 6.2) Thus., post-flashover fires may be classed broadly as 'fuel­
controlled' (no restriction of combustion air supply) or 'ventilation-controUed' (restricted 
air supply) In general, fuel-controUed fires tend to be less severe, the presence of 
excess air (i.e. more than theoretically required for complete combustion of the fuel) 
moderates the compartment temperature and is therefore associated with lower rates of 
heat release 
Under conditions of poor ventilation, a compartment may fill with unbumed and 
partially-burned fuel vapours If ventilation is suddenly provided, when a door is opened 
or a window fails, the sudden inrush of air through these openings may produce an 
explosive backdraught, leading to external flaming (if a large quantity of hot unbumed 
combustion products are released) The danger of structural elements fai ling is greatest 
during the fully developed phase of the fire when locally high temperatures exist Fire 
spread to adjacent compartments is likely if external flaming persists or if the structural 
integrity of the original compartment is breached (see also Section 6 2) 
A recent supplement to the Manual of FlFemallship describes the growth of (Class 'A') 
compartment fires and the associated dangers posed by J1ashovf!r and backdraughl 
(Reference 8) The unpredictable nature of the transition to £Iashover may lead to fire­
fighters within a compartment being cut off from their escape route by the sudden 
ignition of large areas of solid fuel surfaces. A backdraught is equally hazardous and 
three possible backdraught scenarios are discussed in Reference 8 One ex:ample may be 
illustrated by the dashed curve in Figure 7, where the compartment fire has not reached 
flashover and has 'died down' (I.e. the rate of heat release is much reduced), due to 
oxygen starvation In this instance the fire may continue to bum at a reduced rate since 
a small amount of fresh air can still enter the room through gaps in the door or window 
seals The important point to note is that no significant coojjng occurs under these 
conditions and so vigorous combustion can be re-established immediately a new supply 
of oxygen becomes available Hence the obvious danger for fire crews arriving at this 
stage of the fire, the opening of a compartment door or window may lead to a sudden 
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deflagration (backdraught) which could engulf the fire-fighters Reference 8 also 
suggests practical strategies for reducing the potential danger to fire-fighters, such as 
how to identifY dangerous situations and the use of smoke venting techniques The 
injection of water spray pulses into the hot gases beneath the compartment ceiling has 
also been found to reduce the danger by cooling the gases and diluting them with water 
vapour 
ome further aspects of compartment fires are discussed in Sections 6.2 and 7 3 of the 
present report 
2 2 5 Class 'A' fires in the open 
The behaviour of unconfined Class 'A' fires differs from the confined case in several 
important respects In open fires the radiant feedback from solid 'boundaries' outwith 
the combustion zone and from a smoke layer under the ceiling are absent, the mass rate 
of buming depends on local heat transfer effects from the flame zone to the fuel bed (i.e. 
conduction, convection, radiation) The burning rate for a given fuel load (m) will 
generally be lower than for the equivalent confined case, and is fuel-controlled (i.e. the 
controlling parameter is the fire area, Ar and the ventilation area Av is not relevant 
'Ventilation-controlled' fires in the context of compartment fires are not encountered; 
however a strong wind may increase the burning rate of fires in the open by inducing 
vigorous turbulent mixing of excess combustion air In general, open fires are 
characterised by a lower smoke and CO production, increased yields of CO2 and water 
vapour and by lower product temperatures. Thus the combustion is more efficient than 
in the confined case and a given fuel load will generally burn longer in the open, if 
unchecked, although the maximum rate of heat release will generally be lower. 
Unconfined Class 'A' fires have no equivalent phenomena to flashover or backdraught. 
(The special problems associated with very large scale open air fires such as forest fires 
orfire-slorms in urban areas are outwith the scope of this report.) 
2.3 Summary 
Class 'A' fires involve solid materials (usually of an organic nature) whose surface 
temperature during combustion is normally between 400-500 °C and which normally 
form glowing embers The continuation of combustion requires that a certain amount of 
heat is continually transferred back to the fuel bed; for fires of characteristic size greater 
than - 0 3 metres this thermal feed-back is dominated by radiation. A compartment fire 
reaches flashover when all the combustible contents have become involved; most 
incidents attended by the Fire Service are so-called post-flashover compartment fires. 
Such fires are typified by high compartment gas temperatures (up to - 1 100 0c) and 
poor ventilation, leading to a fuel-rich atmosphere; the sudden inrush of air caused by 
opening a door or breaking a window may lead to a sudden deflagration (or 
backdrallght) which could engulf firefighters. It is essential that this hazard is 
appreciated, particularly during the early stages of fighting compartment fires before the 
compartment gases have been cooled and diluted by firefighting activities. 
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3, MECHANISMS OF EXTINCTION BY WATER OF CLASS 'A' FIRES 
Fristrom (Reference 9) observed that water is by far the most CQmrnon liquid 
extinguishant and that the principal action of liquid agents is the removal of heat from 
the fire through their heat capacity and latent heat of vapourisation (Section 5 3) The 
effects of fuel dilution (water-miscible liquid fuels only) and fuel blanketing (or inening) 
were identified as auxiliary suppressant effects Therefore, of the various physical and 
chemical mechanisms of fire suppression described previously in Reference 5, only three 
are relevant to the suppression of Class 'A' fires by water application: 
• Coolmg of the combustible solid fuel surface, which reduces the rate of pyrolysis and 
thus the supply rate of fuel to the flame zone. This reduces the rate of heat release 
by the fire, consequently the thenna! feedback from the flame is also reduced and this 
augments the primary cooling effect of the suppression agent The application of a 
water spray to the fuel bed is typical of this method, 
• Cooling of the name zone directly; this reduces the concentration of free radicals (in 
particular the chain-branching initiators of the combustion reaction). Some 
proponion of the heat of reaction is taken up by heating an inen substance (such as 
water) and therefore less thennal energy is available to continue the chemical break­
up of compounds in the vicinity of the reaction zone. One function of the new water 
mist technology is 10 act in this manner, the fine droplets providing a very large 
surface area per unit mass of spray in order to increase the rate of heat transfer; 
• [neTting the air feeding the flame by reducing the oxygen partial pressure by the 
addition of an inen gas (e.g. N2, CO2, H20 vapour) This is equivalent to the 
removal of the oxidiser supply to the flame by the production of water vapour. This 
is the dominant mechanism by which water mists can suppress large confined fires 
In addition, fire spread may be controlled by pre-wetting adjacent combustible surfaces 
which in effect provides a heat-sink and delays the onset of ignition. The ability of water 
sprays to absorb thermal radiation has also been exploited as a fire protection and fire­
fighting aid. While this could be perceived as an additional 'cooling mechanism', its 
application is principally as an 'indirect' fire-fighting measure, where shielding of 
personnel or propeny is required (Section 5.3.4). 
Fristrom (Reference 9) noted that in practical situations, the problem of application is 
usually the critical factor detennining the efficacy of water as a heat sink. since water 
which fails to reach the seat of the fire cannot contribute to its extin 'shment 
Although, as wilrse seen la: er, t s statement is not always strictly true in the case of 
compartment fires, Fristrom's point is taken and the question of the optimum force and 
size dispersion of water jets has been debated extensively In general terms, if the jet or 
spray distribution is skewed towards relatively large drop sizes, then only a small 
fraction will realise their maximum heat extraction potential by evaporating, while the 
majority will remain in the liquid phase and form run off Conversely. if the waler is 
delivered in the form of very fine droplets in order to promote rapid evaporation, the 
spray may lack the momentum required to penetrate the fire region, again the net result 
is that water is wasted and fire-fighting efficiency is compromised The following 
section considers some of the physical characteristics of various jets, sprays and 'fogs' in 
more detail 
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4. lYPES OF WATER SPRA VS 
4.1 Jets, sprays, fogs and mists: hydraulic aspects 
4. 1 . 1  Solid jets 
Herterich (Reference 10) published an early (ca. 1960), comprehensive discourse on the 
nature of solid water jets used for fire-fighting purposes. Many aspects relating to the 
physics of jet production were covered, including: 
4. 1.1.1 The origins ofje/ instability 
Jet instability causes the inevitable transition from the initial 'enclosed' (or tube-like) 
flow to the separated flow characteristic of a 'diffuse jet'. The principal agents 
responsible for the break-up of the solid jet were identified by Herterich as the internal 
turbulence in the water stream and the steep velocity gradient generated between the jet 
and the ambient air. It was noted that smaller jet diameters and higher jet-nozzle 
pressures both promoted an accelerated break-up of the solid jet while air-foam jets, 
being initially less 'enclosed', were even more prone to break-up. Previous work on jet 
break-up (ca. 1936) was discussed in Reference 10, where the characteristic non­
dimensional parameter, 
2 = 17 
.J(TpD 
(3) 
had been formulated from a consideration of the Reynolds and Weber numbers (also 
non-dimensional). The criterion for the disintegration of a solid jet was given as, 
4/3 
2 > 2000 17 
vpD 
(4) 
where the group 17/v pD is the reciprocal of the Reynolds number. The above two 
expressions were used to infer a critical condition for break-up of the jet in terms of the 
relative velocity between the jet and the surrounding air, ,.{ )1/4 Sj8 
V > 30v\.; :0 (5) 
where 17, (T, P are the dynamic viscosity (Pa.s), surface tension (N.mO') and density 
(kg.mO') of water respectively, D is the diameter of the jet (m) and v is the relative 
(water-jet air) velocity (m. SO'). The contemporary research and development effort in 
this area strove to delay the onset of jet instability in order to maximise the height and 
'throw' of fire-fighting jets. From equation (5) above it can be seen that the onset of 
critical conditions may be delayed by increasing the dynamic viscosity or surface tension 
and decreasing the jet diameter or fluid density. 




4.1.I.l 1he optimum pressure head at lhe no=zle 
As suggested above, the pressure at the jet nozzle is intimately associated with the 
expected range and stability characteristics of the resulting jet Henerich (Reference 10) 
noted that opinion was sharply divided over the operating pressure required to produce 
'a good extinguishing water-jet' It was argued that for any given nozzle diameter (D), 
a useful and economical pressure-head lay between an upper and lower bounding value 
In relation to this subject, the Austrian notion of 'hard' and 'soft' solid water jets was 
introduced Soft jets were defined as those with exit pressur� which maintained the 
'enclosed' nature of the jet while also ensuring an adequate 'throw' In contrast, hard 
jets were characterised by a rapid break-down, initiated at a shon distance from the 
nozzle exit The latter were not d�igned to produce a greater throw than soft jets. but 
were considered to be 'richer in energy' [n practical terms, 'hard jets' provided deeper 
penetration of deep-seated, glowing fires and improved heat absorption foUowing the 
shattering of the jet on impact Henerich also included an illustrative table showing the 
division between 'hard' and 'soft' jet behaviour for nozzles of diameter 8-18 mm 
operating at gauge pressures of between - 7-12 bar (100-170 psig) 
4.1.1.3 Water flow through Jet-plJle nozzles 
Henerich reponed several pioneering studies of the discharge characteristics of jet­
nozzles, perfonned during the latter half of the nineteenth century The empirical 
fonnula, 
Q . O  2D',fh; (6) 
was given for estimating the nozzle flow rate, Q (in litres per minute) where D is the 
nozzle diameter (mm) and h. is the static pressure-head upstream of the nozzle exit 
(metr� water gauge) A table was also included which showed the expected flow rates 
for nozzle diameters of 4 S D s 40 operating at pressur� of 10s h. s 160 (I.e. between 
1-16 bar or 15-230 psig) In order to assess the capacity of fire extinguishing pumps in 
practice, it was recommended that equation (6) be used in conjunction with accurate 
measurements of h. and the nozzle diameter 
4./.1.4 Height o/Ihrow (l1Id width o/spread 
The problem of calculating the jet trajectory is considered in Reference 10, initially by 
assuming that the fluid stream behaves in a similar manner to a solid projectile While 
this simple model is attractive, in practice the interaction of the jet with the ambient air 
introduc� significant changes in the dynamics. It can be demonstrated that the 
maximum throw of a jet is achieved with an initial angle of _320 while for a solid 
projectile the critical angle is 450 In order to achieve the maximum venical height of 
throw, an initial discharge angle of 800 was advised 
In addition to the above subjects, Henerich (Reference 10) also considered the effects of 
'back-force' or 'back-pressure' on fire-fighters operating water jets, the impact force of 
the water jet on solid objects. and the design of jet pipe nozzles Some of Henerich's 
closing remarks on the subject of solid jets are wonh repeating' 'Brmgmg water 10 the 
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seat of a fire IS one of the malll problems 111 fighting any fire. The easIest and most 
sImple method IS the sobd Jet process; however, the characteristIcs of the sobd Jet must 
be taken IIIto consIderatIon ' According to Herterich, the use of solid jets enables the 
transport of large quantities of water to the seat of the fire with practically no loss of 
pressure, except that required to overcome wind resistance The significant kinetic 
energy of the jet results in a general disintegration (or atomlSOl/on) of the water stream, 
which produces a good extinguishing effect at the point of impact, this applies 
particularly to the 'hard' jets described in Section 4. 1 . 1 .2, which are very effective on 
deep-seated fires at close range However, the extinguishing effect is limited to tbe area 
around the point of impact Herterich stressed that the direct heat transfer from the fire 
to the extinguishing water was of limited use due to the relatively small area of water 
presented to the flames, this fact inevitably led to the application of surplus water to 
secure extinguishment and the consequent danger of water damage through over­
application The solid jet was considered to be essential in fighting fires which 
developed rapidly, and for deep-seated fires such as fires in wood-stores, stacked 
packing materials etc , where 'a quick effect and lasting result' were required. Solid jets 
were also considered essential against fires where strong draughts were generated, 
although the selection of a wide-area spray jet with large (high momentum) water 
droplets was thought to be a pragmatic option in some cases. Finally, where a fire could 
only be fought from a distance, the solid jet remained the only method of ensuring 
success 
4.1 .2  Diffuse iets 
In the foregoing section, it was noted that the 'solid' jet represented an unstable regime 
of fluid flow, tending always to break-up and undergo transition to a diffuse jet. Writing 
in 1960, Herterich (Reference 10) remarked that the 'classical' solid-jet method of fire­
fighting was being successfully augmented in some cases by the use of 'spray-jets' The 
shift towards the laner was driven by an acceptance of technical arguments which 
showed that for certain types of fire, very efficient extinguishment could be achieved 
using only a small amount of water. Herterich traced the origins of spray-jet technology 
from as early as 1 877, noting its recommended use for 'damping down gases' in 1925 
and against Class 'B' fires in 1933. Clarke (Reference 1 1 )  also referred to the 
pioneering use of water sprays, and the recognition of their benefits during the 1 9th 
century It was further noted by Clarke that the opinion was held by some in the early 
post-war years, that high-pressure sprays (which were believed to contain very fine 
drops) represented the ultimate in fire-fighting efficiency. However, an extensive study 
by D. Hird et al (Reference 12) involving the London and Birmingham Fire Brigades 
showed no material advantage in increasing operational pressure above - 7 bar ( 100 
psig) since any theoretical merit possessed by fine droplets was offset by their limited 
trajectory; these results are considered further in Section 7 of this report. Herein lies the 
dilemma posed by water spray (and water mist) technology; while the potential for very 
efficient and economic fire extinguishment increases (theoretically) with decreasing drop 
size, the problem of application becomes more difficult as the low-momentum droplets 
become more susceptible to up-draughts which may prevent them reaching the intended 
target area. 
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4.1.2.1 Dejimflo" of 'spray-Jets' 
Herterich identified a need for consistent terminology when discussing fire-fighting 
sprays, especially when considering the characteristic 'size' of the droplets Figure 8 of 
the present repon is an amalgamation of Herterich's droplet size data and those of Jones 
and Nolan (Reference ) 3), the laner adapted their spectrum of drop sizes from Lefebvre 
(Reference 14) The size categories in upper area of the figure ('Colloidal', 'Dust' etc ) 
are reproduced from Herterich (Reference 10), who considered that the 'average' size 
range from 100·1000 j..lm was of most interest in fire-fighting terms The text below the 
r·axis shows the range defined as 'fine sprays or mists' in Reference 13 (- 2()'120 j..lm), 
together with the approximate locations of 'aerosols', 'noules' and 'sprinklers' in the 
droplet spectrum The cut...offbetween 'sprays' and 'mists' remains somewhat arbitrary 
however, for example the US National Fire Protection Association has re<:ently 
suggested a practical definition of 'water mist' as a spray in which 991'1. of the water 
volume is contained in droplets less that 1000 j..lm in diameter (Section 4 )  3 1 )  
4.1.2.2 Dejimtion of droplet mea" diameter 
To simp lify the calculations involved in problems of two--phase flow in the diffUse jet, it 
is conventiona1 to quote a single mean or represemaln<e diameter; this practice avoids 
the rather unwieldy complexities involved in considering an entire distribution of sizes 
Mean diameter measurements are unique to a given distribution and represent some 
physical attribute of the spray as a whole The mean diameter used to describe a spray 
depends on the use to which it will be put for example, the 'Sauter Mean Diameter', 
Dll is the sum of the droplet volumes divided by the sum of the droplet surface areas of 
a given spray It is therefore the diameter of a droplet which wil l have the mean surface 
area and volume for the whole spray This is useful in studies of fuel sprays, where the 
droplet surface area to volume ratio is a factor, along with others such as local vapour 
pressure and temperature, in detennining the rate at which the droplet can evaporate 
The rate at which such fuel droplets release vapour for combustion is a major factor 
governing the heat reJease rate These physical attributes are equally relevant to water 
sprays used for fire-fighting, since efficient heat transfer and evaporative cooling are 
vital components of the extinguishment process 
For most situations, a measure of the range of drop sizes and a mean diameter value will 
be sufficient to describe the distribution MugeJe and Evans (Reference 15) formulated a 
standard notation for defining mean diameters 
()' N D' )'�'-') D - rl " 
.. - .... ND· ... ' , 
(7) 
where the particular numerical values of the indices a, b depend on the phenomenon 
under investigation Table 3, on page 15, contains examples of commonly·used mean 
diameters, whose definitions are based on the above equation 
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Table 3 












Hydrology: volume control 
Absorption 
Molecular diffusion 
Mass transfer and reaction rates 
Combustion equilibrium 
Another commonly used representative diameter is the volume median diameter, often 
denoted by Dv,o.s. Half of a given volume of water will be in the form of droplets 
greater than this diameter and the other half in droplets smaller than this diameter. 
Mean diameters are a measure of the central tendency of the distribution and will not 
reflect a relatively few extreme values at the 'tail ends' of the distribution. When 
quoting mean diameters, great care must be taken that equivalent measurements are 
being used to make comparisons, especially when data from different collection systems 
are being analysed, so as always to compare Iike-with-Iike (see also Section 5.5). 
4,1,2,3 Determination of spray pal/ern 
While a knowledge of the droplet size distribution within a spray is important, this 
information alone is insufficient to characterise the fire-fighting potential of a water 
spray, It is equally important to know how the spray spreads out after leaving the 
nozzle; this includes determining the 'spray angle', 'spray distance' and 'spray density' 
(the mass of water delivered per unit area, per unit time). A comprehensive discussion 
of the various spray pattern parameters and their experimental measurement is given in 
Reference 10. These techniques were employed by the Home Office Fire Experimental 
Unit (FEU) during their extensive appraisal of commercial jet/spray branches; some 
practical results from these tests are discussed in Section 4.2. 
4. 1.2. 4 Methods of spray production 
Some ofthe more technical aspects of spray production are discussed in Section 5. 1 ;  the 
present section presents a brief overview of the subject as a preamble for some of the 
topics to be addressed in subsequent sections. In general terms, the function of a spray 
nozzle is to accelerate and disintegrate (or atomise) a liquid (e.g. water, in the present 
case) and to disperse the resulting drops (Reference 16). Fraser and Eisenklam 
(Reference 1 6) defined three classes of spray nozzle (or atomiser) according to the type 
of energy used to effect the disintegration of the liquid stream. The three groups were: 
pressure energy atomisers, gaseous energy atomisers ('twin-fluid' type) and centrifugal 
energy atomisers (i.e. rotary atomisers). In Reference 10, Herterich dismissed the last of 
these as having no relevance to the fire-fighting sector, but defined the 'rifling nozzle' as 
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an intermediate design between the pressure and gaseous energy types The foUowing 
definitions were given in Reference 10 
• Pressure atomisers· the liquid to be atomised (water) is moved within the nozzle and 
the other medium (ambient air) is still, 
• Gaseous atomisers - the liquid to be atomised is essentially stationary and the gaseous 
medium which effects the atomisation moves rapidly within the nozzle, 
• Rifling nozzles · the noule remains stationary, while the liquid to be atomised is 
given a 'translatory' (I.t'. forward) motion and also a rotational motion After 
ejection at the nozzle. the leading edge of the liquid takes the form of a hollow cone, 
the opening angle of which may be large or small 
Henerich proceeded to discuss a classification system for fire-fighting nozzles based on 
the form of construction of the nozzle and it was noted that the most widely used 
models were based on the rifling principle while twin-fluid atomisers were rare Figure 9 
illustrates the main types of fire-fighting jets and sprays and their operating principles 
Grimwood (Reference 11) has recently discussed the types of spray nowes which have 
been in use since the 1940$, it was noted that they all relied on either stream 
impingement or 'fog teeth' to produce a wide fog pattern. A major problem associated 
with this design was the gaps produced in the spray pattern which allowed a significant 
amount of radiant heat to be transmitted to the operator (see also Section 5 3 4) Later 
designs, incorporating spinning teeth, were seen to greatly reduce this problem and also 
produce much finer droplets, capable of being suspended in the air 'for several seconds' 
Grimwood also considered the working pressures and practical implications of modem 
fog nozzles and some of these issues are discussed in Section 4 2 
In concluding his discussion of fire· fighting spray nozzles, Herterich stipulated the 
following practical requirements, which were to be 'Sll lsjiedwhere poSSIble' 
• Since fire-fighting water is seldom 'clean', it is imponant that spray nozzle apertures 
should not be too small as blockages could occur, compromising the efficiency of the 
atomisation process, 
• So-called 'multi-purpose' fire-fighting branches offer imponant advantages on the 
fire-ground, these nozzles pennit the water stream to be issued as a solid stream. 
spray jet of varying angle or a combination of the two (Figure 9), 
• The spray nozzle should provide a flow rate of lOO I min·1 and 400 I min'l 
respectively, where small or large jet pipes are used and these flow rates must be 
auained at pressures of - 5 bar (- 10 psig), 
• At the above pressure-head, the mean droplet diameter must be between 0 5-1 5 mm 
(500-1500 �m). 
• Efficient nozzle design is imponant to minimise the energy required to achieve 
atomisation, in order to ensure satisfactory mean distances of throw at operating 
pressures of 5 bar (10 psig). 
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4. 1 . 3  Fogs & mists 
It is apparent from the foregoing that there has been a long-standing appreciation of the 
potential benefits of fine water sprays for fire-fighting applications. Despite this fact, the 
research effort in fire safety engineering over the last few decades has been dominated 
by studies of fire growth and development, rather than the dynamics of fire suppression 
and extinction. Recently however, this trend has been reversed somewhat, and there has 
been a marked resurgence of interest in fire suppression generally and in water mist 
technology in particular (see for example, the conference proceedings of References 1 8-
20). Hence the emergence of commercially available water mist (fixed-installation) 
systems is a fairly recent phenomenon, despite the fact that the use of fine water droplets 
for gas-phase fire suppression has been studied for at least 50 years (Reference 21). 
Recent progress in the design of water mist systems has been stimulated by two global 
legislative acts, namely: 
• The International Maritime Organisation (!MO) regulations which required the 
retrofit of fire suppression systems on most commercial maritime vessels; 
• The Montreal Protocol on Substances that Deplete the Ozone Layer which required 
the phase-out of Halons as fire suppression agents. 
The former led to the rapid development of lightweight, low impact, high efficiency (i.e. 
low water demand) mist systems to replace existing shipboard sprinkJer systems; this 
application of water mist systems is now relatively well developed and commercialised. 
The intended phase-out of Halon fire suppressants prompted an ongoing search for 
alternative technologies which preserve all the benefits of a clean 'total flooding' agent 
yet are environmentally benign; in contrast to the maritime experience, the take up of 
water mist as a replacement for Halon 1 30 I (CF,Br) total flooding agent has been 
sparse. Some 'perceived advantages' of water mist over traditional fire protection 
methods were identified by Back (Reference 2 1): 
I .  Water systems may be relatively inexpensive due to low/no agent costs; 
2.  Water is non-toxic and poses no environmental problems; 
3 .  Water mist systems can suppress flammable liquid pool and spray fires; 
4. Water mist systems utilise water flow rates significantly lower than conventional 
sprinkJers, hence reducing the collateral damage; 
5. Water mist systems may be made to perform functionally in some applications like 
total flooding gases (i.e. obstructed, enclosed fires); 
6. Water mist systems can be activated by a variety of means (e.g. early detection using 
smoke detectors); 
7. Water mist is non-electrically conductive; 
8. Water mist may have applications as inerting or explosion suppression systems 
Although the above list is written from a fixed-installation standpoint, it could be argued 
that most of these advantages should apply equally where water mist used as an 
extinguishing agent during active fire-fighting against compartment fires The foUowing 
section considers some of the aspects of water mist systems in greater detail 
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4 /.3. / Water mIst: dejimlton, and examples of system specificatIons 
The newly.formed NFP A (US National Fire Protection Association) Committee, NFP A 
750 Water Mist Fire Suppression Systems Committee, have defined water mISt as 'A 
water spray for which the D,." (99H volume dlOmeter) as measured at the coarsest pan 
of the spray in a plane 1 metre from the nozzle, at its minimum operating design 
pressure, is less than I 000 � (I  0 mm)', (Reference 22) This implies that 99'10 of the 
water volume discharged must be in drops less than I 0 mm in diameter, compared with 
conventional sprinkler systems where D\'99 may be of the order of 5000 Ilffi (5 mm) 
(Reference 21)  It is argued (Reference 21)  that water mist fire suppression systems rely 
on the production of relatively small « 500 J.lm) droplet sprays to extinguish fires and 
that the very low tenninal velocities of the smallest droplets (- 100 j.U11) aUow the mist 
to circulate around obstructions and to extinguish fires in the manner of a total flooding 
gas Ramsden (Reference 23) commented that in this respect the NFPA definition was 
regarded by some as being too loose, since it permitted relatively coarse droplet sizes, 
not dissimilar to those produced by conventional waterspray and sprinkler systems An 
alternative definition was advanced in Reference 23 • A water distribution of fine drops 
having a mean diameter of S(}"'200 microns and a DV" less than or equal to 500 J.UTI '  It 
was considered that the laner definition ensured a very small average drop diameter and 
would prevent manufacturers from offering slightly modified standard waterspray 
systems as 'mist' systems 
Mawhinney et al (Reference 24) also advocated a more stringent classification 
terminology, in order to distinguish between "coarser" and "finer" water sprays Figure 
10 shows the "cumulative percent volume" distribution plot, proposed by Mawhinney et 
al . which defines three categories of water spray In the figure, the terms D�lo and D>'90 
refer to the diameters for which 10'10 or 90'/0, respectively, of the volume of the water 
spray is contained in droplets of smaller diameter, measured in a standard manner 
(Reference 24) It can be seen that for "Class I" sprays, 90% of the volume is contained 
in droplets less than 200 � in diameter while 10'/, of the volume is contained in 
droplets of less than I 00 �. the cumulative % volume limits for Class 2 and Class 3 
sprays are similarly derived from Figure l O in this scheme, Mawhinney et al defined 
the Class I and Class 2 sprays as "mist" since at least 90'/. of the waler volume is 
contained in droplets with diameters smaller than 400 microns It was argued that both 
these sprays were comprised almost entirely of the "fine" drop sizes which promote the 
rapid evaporation of water in the fire envirorunent and facilitale the characteristic 
extinction mechanisms of water mist, I.e. flame cooling and inerting by the production of 
water vapour In practice, Class I and Class 2 sprays are suited to the suppression of 
liquid fuel fires or where excessive surface wetting is undesirable. A potential advantage 
in the former is that serious splashing of the fuel is avoided, due to the reduced 
momentum of the water droplets and their propensity for rapid evaporation in the flame 
region Class 3 sprays were seen as a better choice where fuel wetting was tolerable, or 
even necessary to achieve extinguishment, for example when tackling Class ' A' fires 
The design of water mist nozzles was discussed by Smith (Reference 25), who noted 
thII due to its bigh surface tension, water is a relatively difficu.lt liquid to atomise 
&:tivety Nozzles which were initially designed for other uses, such as agricultural 
(aop lPfI.ying etc.) or industrial applications (e.g. spray painting, spray drying, spray 
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combustion), have been adopted or modified for fire protection; an early account of 
diverse agricultural nozzles is given in Reference 26. 
The various types of nozzle were described by Smith (Reference 25) and subdivided into 
"single-fluid" and "twin-fluid" types. 
Single Fluid Mist Nozzles 
• Hollow cone-single fluid: a swirling motion is induced in the liquid within the nozzle 
and this produces a spray plume where most of the droplets are concentrated at the 
outer edge; 
• Solid cone-Single fluid: an approximately homogeneous concentration of droplets is 
contained within a spray pattern which may have a round, square or rectangular 
"footprint" � 
• Flat spray -single fluid: an elliptical orifice produces a sheet spray having a relatively 
uniform distribution of droplets. This design is not suitable for area protection, but 
has applications for protecting equipment located in narrow voids. 
Single fluid systems are also known as "simplex" or "hydraulic" types and share the 
common feature that the mean droplet size in the resulting spray is influenced by the 
water pressure according to the following approximate relationship, 
0.3 
(8) 
where d", is the 'volume mean diameter', a mass-based measure of the average droplet 
diameter (D30 from Table 3, page 15)  and p is the nozzle operating pressure. The 
increase in atomising efficiency with rising water pressure explains why some single fluid 
systems operate at around 100 bar ( 1450 psig) or even up to 300 bar (4350 psig). 
Twin Fluid Mist Nozzles 
The alternative to single fluid mist production is to use a dual fluid head, also known as 
"air atomising", "duplex" or "pneumatic" nozzles. These systems bring air (or more 
commonly nitrogen) and water together into the nozzle mixing chamber where a highly 
turbulent interaction takes place before a fine mist is expelled through a single or 
multiple outlets. The advantages of twin fluid nozzles are that effective atomisation 
occurs at low operating pressures (- 5-6 bar or 70-90 psi g), with average droplet 
diameter decreasing with increasing gas:liquid pressure ratio. They may also provide 
high initial droplet velocities and good horizontal projection characteristics. A 
disadvantage is that of high gas demand and the need for a twin supply manifold, 
resulting in an increased cost over single fluid systems. 
According to Jones and Nolan (Reference 13), single fluid nozzles can produce droplets 
as small as 90- 100 !lm when operating at pressures around 5-6 bar (- 70-90 psig), but to 
achieve smalJer droplets (down to -30 Ilffi), twin-fluid systems must be used. It was 
also noted in Reference 1 3  that despite the theoretical and experimental evidence that 
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such small droplets are extremely effective at suppressing combustion, it was still 
proving difficult to produce sprays with the bulk of their water in droplets smaller than 
-30 j.UTl. 
Smith (Reference 25) discussed some specific nozzle designs and some examples are 
shown in Figure 1 1  The Marioff 'Hi-Fog' system was developed for fire protection in 
machinery companments and accommodation areas in ships Sprinklers have not been a 
practical proposition for the laner due to their prohibitive size, weight and the problems 
of free-surface effects if adequate drainage is not provided The Hi-Fog system is quite 
different in operation to conventional sprinklers, since a fine mist travening at initially 
high velocity is produced using a high pressure manifold of small bore pipes 
incorporating a number of multiple orifice spray heads and operating at up to 300 bar 
(4350 psig) It was estimated by the manufacturer that an 800 cabin feny would require 
a conventional sprinkler system weighing 100 tons compared with an equivalent Hi-Fog 
system weighing only 9 tons MariofJ have also developed a self-contained extinguisher 
based on a modular concept, comprising a multiple orifice spray head, a pressurised 
water container and an interconnecting pipe manifold The stand-alone system is 
intended to provide fire protection for individual enclosed rooms in contrast to the pump 
driven systems designed for passenger cabins and other occupied spaces Another 
variation is dedicated 10 engine room protection and features a sequential dual phase 
deployment of spray An initial high velocity fog is introduced into the protected space 
to give a rapid fire knock-down, followed by a lower pressure mist which provides 
continuous cooling, thus preventing re-ignition of the fuel and maintaining a controlling 
atmosphere During this second phase, an automatic pump recharges the pressure 
vessels to enable a further high pressure discharge to be applied if required 
Ginge-Kerr, a member of Securiplex Technologies. has developed a fine water spray 
system using noules originally designed by British Petroleum The twin-fluid nozzles 
operate at modest air and water pressures of up to - 5 bar (- 70 psig), and thres 
commercial designs are available giving water delivery rates of 5, 10 and 20 I min-I m­
and with droplet diameters in the range 80-200 J,.lm within a spray discharge angle of60° 
or 900 Applications have focused on specifically-designed systems for localised fire 
threats 
The GrinnellfWormald AquaMist system uses two types of nozzles, designated AM5 and 
AM6, at operating_f'ressures of 6-12 bar (- 90-175 psig) and corresponding flow rates of 1 I  5-16 3 I min The mean droplet diameter of the spray is given as 60-150 IJ.m, 
dependent upon sampling location. Testing of the system at the Swedish National 
Testing and Research institute has led to system design parameters for fire control in 
ships' cabins, corridors and public spaces 
The Unifog system was developed by the Norwegian Unitor company in coUaboration 
with TBS of Germany and is designed to comply with new IMO regulations relating to 
sprinIders in nwine passenger vehicles A typical installation comprises a pump station 
supplying water from storage tanks to a narrow bore stainless steel manifold via a 
number of directional valves Again a range of nozzles is available, made of bronze aUoy 
or stainless steel and producing droplets of diameters in the range 20-150 J..lI11 The HTe 
Micro-Fog system is intended for a variety of marine and land-based applications and 
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features a piston.type.pump unit with a water flow capacity of 20-1 000 I min The 
water flows at - 4 m s through stainless steel pipes to a number of multiple spray heads 
with 4, 5 or 6 narrow orifice nozzles, producing droplets in the range 20-50 � 
4.2 Methods of water application used by tbe Fire Service 
The first two subsections below provide a brief summary of the main classes of water 
delivery system currently available to the Fire Service; the last subsection describes some 
speculative research on the possible future application of 'water mist' technology to Fire 
service operations. The focus of Section 4 2 is on the hydraulic aspects of the delivery 
systems and the relative performance against real fires is not considered here; a more 
thorough discussion of the latter is given in Section 7, where the results of various large­
scale test programmes are discussed. 
4 2 I JeVspray branches 
During the early 1980s, the UK Home Office Scientific Research & Development 
Branch (SRDB) conducted a practical appraisal of a wide range of commercially­
available jeVspray branches; the results of these tests were published in a series of 
reports by Rimen (References 27-30). The broad aim of the study was: ' . . .  to evaluate 
the range of hand-controlled branches available in order to give guidance on their cost 
effectiveness and efficiency.' The initial phase of the study, reported in References 27-
29, examined a total of 3 1  branches whose performance was assessed in terms of 
hydraulic criteria (jet throw and quality, spray patterns and flow vs. pressure 
characteristics), ease of handling, 'robustness' and general maintenance requirements. In 
addition, a further 6 branches were tested in a later, supplementary test series (Reference 
30); however these tests were not as extensive as the original series and did not include 
any assessment of the robustness of the units. Neither phase of the study included the 
appraisal of the branch performance against test fires, nor were measurements of the 
drop size distribution within the sprays undertaken. 
Discussing the background to the initial study, Rimen (Reference 29) noted that 
relatively few incidents attended by UK fire brigades required the use of a main jet to 
control and extinguish a fire, although such fires did account for a substantial proportion 
of fire losses in general. It was stressed that effective fire-fighting required a degree of 
control over both the volume and pattern of the water emerging from the branch; the 
versatility of the jeVspray branch design was perceived to be a major advantage during 
fire-fighting operations. Since the study was intended to provide practical guidance for 
fire officers, it was decided that the project should cover all jeVspray branches readily 
available in the UK and with delivery rates (through hoses of -70 mm diameter) up to 
1 100 I .min·1 at a pressure of 7 bar ( lOO psig); 'hosereel' branches (Section 4.2.2) were 
deliberately excluded from the survey. Despite the wide range of branches obtained for 
the trials, it was found that the six categories shown in Figure 12  (Reference 27) were 
sufficient to encompass all the design variants. In the context of the present report only 
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the findings of the hydraulic tests are of interest and some of the main points are now 
discussed briefly 
The hydraulic tests were designed to enable a comparison of jet throw and quality, the 
spray patterns and the flow vs pressure characteristics of each branch In order to 
achieve a degree of standardisation, the branches were tested sequentially in a specially 
designed experimental rig which incorporated the water supply. an electromagnetic 
flowmeter and a static pressure gauge just upstream of the branch coupling (Reference 
27) Measurements of jets were made at elevations of 00, 20° and 35° to the horizontal, 
while a1l spray measurements were conducted at 00 elevation only but over a range of 
cone angle settings Where a branch pennined a simultaneous jet and spray discharge 
(Figure 9), tests were conducted with the jet control fully open and the spray cone at 
both its maximum angle and at half this vaJue. All branches were tested at pressures of 
3, 5 and 7 bar (44, 73, 100 psig) and all assessments of water distribulion were based 
solely on visual observations or photographs taken during the tests The test resulls 
were plolted as graphs of throw vs. flow (jets), maxImum spray breadth vs. flow (sprays) 
at various pressures and flow vs. pressure for all branches The 'throw' of a jet or spray 
was defined as the horizontal distance from the branch coupling to the point where most 
water was judged to fall onto the ground by observers For branches operated as sprays. 
the 'breadth' of the spray pattern was defined as the maximum dimension of the spray 
'footprint' impacting on the horizontaJ floor, measured normal to the branch centre.line 
It was found that the horizontaJ range associated with this dimension was generally less 
than the observed throw of the spray branch concerned 
Rimen noted in Reference 29 that a wide range in hydraulic perfonnance was evident 
from the initial batch of 3 I branches tested; at a given pressure the flow rates varied by a 
factor of 10, the throw of jets by a factor of 2 and the width of sprays by a factor of ten 
Table 4 below shows typical hydrau lic data obtained from the tests on jet performance 
reported in Reference 27 In general the experimental data showed that jet throw was 
roughly proportionaJ to flow rate, aJthough there was considerable scatter; hence the 
'maximum' and 'minimum' values shown in Table 4 are approximate extremes taken 
from the graphical data of Reference 27 
T.ble 4 
TypicaJ jet/spray branch hydraulic perfonnance data for branches operating as jets 
(after Reference 27) 
Operating Elevation 'Minimum' 'Maximum' 
pressure e) throw/flow throwlflow 
(ba.") (m)/(l.min'l) (m)l(1 min'l) 
7 0 121120 17/1030 
7 20 23/120 42/1030 
7 3S 25/120 48/1050 
3 0 8/100 1 1noo 
3 20 17/100 32nOO 
3 3 S  18/100 401700 
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The hydraulic performance data for branches operated purely as sprays were also 
presented in Reference 27; however here the situation was more complex, owing to the 
additional variables such as cone included angle and spray breadth. Two correlation 
plots were included for the sprays produced by branches at 7 bar, one of 'extreme spray 
width vs. flow rate' and the other of 'extreme spray width vs. maximum cone angle'. 
The first plot exhibited considerable scatter, with minimum spray widths between - 1-5 
m obtained at flow rates between 100-200 l.min-I and maximum widths between 2-21 m 
at flows of around 700 l.min-l In contrast, the extreme spray width displayed an 
approximately linear dependence on the cone included angle; a minimum spray width of 
- I metre occurred with a spray angle of - 1 2 °, while a cone angle of 160° produced a 
spray some 21 metres wide. Some more examples of spray branch performance data are 
shown in Table 5 below, extracted from the extensive tabulated data provided in 
Reference 27. 
Table 5 
Typical jet/spray branch hydraulic performance data for branches operating as sprays 
at 0° elevation (after Reference 27) 
Operating Flow Spray cone Throw Breadth Range to Comments 
pressure (I.min-I) included (m) (m) breadth (Reference 27) 
{2ar) angle {O) {m) 
7 224 20 14 0.9 6.0 Eotraioed fog visi))le to 
20 m. measw-ecI 
'throws' rdcrto large 
dropl<lS. 
7 278 158 2.2 16.5 2.0 Coarse, bollow spny. 
00 visible artni:nmcnL 
3 296 28 9.8 2.4 6.0 Coarse spray, hollow 
""'� 
3 3 1 1  180 1 .8  14.3 1 .0 Hollow oone., 'spoke efftd.'. 
The wide variation in the hydraulic performance of branches was stiU evident in the 
subsequent tests reported in Reference 30. Rimen (Reference 29) concluded that it was 
impossible to distil the results to provide a simple 'best buy' recommendation for the 
foUowing reasons: 
• No performance specification exists for fire-fighting branches and there is no 
'discernible measure of agreement between fire-fighters concerning the precise 
requirements of a jet/spray branch'; 
• Many different situations may arise, each requiring a different 'optimum' branch; 
• The relative importance of various possible branch characteristics (e.g. long range jet, 
wide spray angle, solid or hoUow spray cone, fine or coarse droplets, dense or sparse 
spray, jet/spray combination etc.) remains highly subjective. 
In a complementary effort to improve upon the available range of jet/spray hardware, the 
Home Office commissioned a paraDel research and development programme to develop 
a lightweight, all-purpose nominal 600 l. min-I jet and spray branch capable of delivering 
high performance 25 mm and 1 9  mm jets together with an independently-controUed, 
variable-angle spray discharge (Reference 3 1). A wide range of nozzles and branches 
were tested, including commercially-available units and computer-designed prototype 
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units which had been specially fabricated for the study The critical factors affecting the 
perfonnancc: were found to be the nouJe shape, the contraction ratio (nouJe inlet 
diameter/nouJe outlet diameter), the diameter of the branch feeding the nouJe and the 
length of this section As. a result of the tests, a prototype jet and 5pf1Iy branch was 
developed which provided improvements in delivered water rates of up to 30010 for both 
nominal 25 mm and 19 mm jeu over ranges of J7 5 m and 32 5 m respectively A 
concentric annular orifice was found to provide the best spray panem, affording a 
homogeneous delivery adjustable from a parallei jet (- lOO - 400 I min" ) to a flat ( 1800) 
circular spray It was considered that the operational flexibility of the branch would 
prove suitable for tackling a wide range of incidents, from fully developed severe fires in 
occupancies down to the 'mopping-up' of small areas of localised flaming 
4 2 2 High & low pressure howed systems 
The main jet/spray branches described above are deployed only when it is necessary to 
deliver a large quantity of water at the fireground However, the vasl majority of fires, 
particularly those within residential buildings, are either anacked initially or extinguished 
solely with hosereel systems which are also carried on fire appliances (Reference 32) In 
1960 it was observed that the use of hosereels had steadily increased to the point where 
75% of the fires in which water was applied by the Fire Service were extinguished in this 
manner (Reference 33) Hosereel systems employ flexible rubber hoses of -19 mm 
diameter and are faster to deploy and more flexible in operation that main jets, but 
deliver water at a much lower rate 1be Joint Fire Research Organisation (JFRO) study 
reponed in Reference 33 represents an early scientific investigation of the extinguishing 
efficiency of hosereels against fully developed room fires The aim of the work was 10 
optimise the delivery of the limited water supply on 'first-aid' appliances, and the effects 
of application rate, nozzle pressure and nozzle type (spray or jet) were examined (see 
also Section 7.3) 
Rimen (Reference 32) noted that until the mid 1960s, the maximum pressure available 
for hosereel systems on fire appliances had been around 10 bar (- 150 psig) This 
situation changed with the development of a new generation of 'high pressure' pumps, 
which could deliver pressures of up to - 30-40 bar (435-580 psig) al the hosereel outlet 
on the fire appliance This advance in pump design encouraged the development of a 
wide range of hosereel guns incorporating a wider choice of droplet sizes, velocities, 
flowrates and spray panems (Reference 32) In Rimen's 1990 study of hosereel 
systems, units operating up to the 10 bar pressure limit were defined as 'Iow pressure' 
and those operating at greater pressures were designated 'high pressure' Advocates of 
high pressure hosereel systems cite the ability to produce a finer spray or 'fog' as a 
critical advantage during fire-fighting since this promotes evaporative cooling in the fire 
environment and produces water vapour which acts as an inerting agent Rimen 
(Reference 32) tempered this view by highlighting the higher capital costs involved, the 
need for higher quality hoses and finings and the more rigorous maintenance 
requirement Grimwood (Reference 17) observed that despite the widespread 
availability of muhi-stage pumps, high pressure tubing and guns, other elements of the 
pipework had failed 10 keep pace with modem flow requirements resulting in 8 
restriction of high pressure flows As an example of this restriction, Grimwood cited a 
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40 bar (580 psig) pump pressure delivering only 30 bar (435 psig) at tbe nozzle Since 
the pres ure drop along the line is inversely proportional to the internal diameter, one 
olution would be to increase hosereel tubing from 1 9  mm bore to, say, 25 mm Such an 
increase would improve the nowrates, stream reach and pump efficiency but the negative 
effects would be the increa ed weight of the charged line and the additional storage 
space requirement on the appliance (Reference 1 7) The performance of high and low 
pressure hosereel systems against experimental fires is discussed in Section 7 of this 
report 
4 2.3 Speculative FEU research on fog & mists 
The use of fine water mists or fogs as fixed fire protection systems has been mentioned 
in ection 4 I 3 I of this report The Fire Experimental Unit have understandably taken 
an interest in extending this technology to active fire-fighting operations and some 
practical tests have been undertaken to assess the uses and limitations of water mist 
systems (References 34, 35) Although the scope of the test programme was necessarily 
limited, some useful data were obtained; these experiments are discussed in more detail 
in Section 7 of this report 
4.3 ummary 
The nature of the water discharge from a firefighting branch may be broadly classified 
into one of two characteristic types a solid jet or a diffuse jet ('spray-jel'). In the case 
of the solid jet, some efforts have been made to delay the break-up of the water stream 
as far as possible in order to minimise the aerodynamic drag and thus maximise the range 
or 'throw' of the jet branch. Conversely, very high pressure solid jets have been 
proposed, where the coherency of the water stream is lost soon after exiting the nozzle; 
it has been claimed that the increased kinetic energy of these jets promotes better 
penetration of deep-seated glowing fires coupled with improved heat absorption 
following shanering of the jet on impact. The advantages of the spray jet have been 
reported since the early 1 900s and it has long been recognised that very efficient fire 
extinguishment is possible using only a small amount of water; the recent search for 
Halon alternatives has re-vitalised this area of fire suppression research. 
The development of nozzles for use in fixed-equipment Water Mist Fire Suppression 
Systems (WMFSS) has concentrated on the generation of popuiations of very small 
droplets (- 10-200 !Lm) with the twin aims of promoting rapid droplet evaporation in the 
presence of a fire and mimicking as far as possible the transport characteristics of Halon 
gas to obtain an adequate dispersion of the mist within a fire compartment. The 
operating pressures of such systems vary widely from - 5-300 bar (70-4400 psig). In 
the UK, the Fire Service employ two distinct systems for delivering water to a fire: the 
main jet/spray branch supplied by a 70 mm diameter hose or, in the majority of cases, the 
more manoeuvrable 1 9  mm hosereel system fined with an adjustable spray branch The 
former operates at pressures of typically 7 bar ( 100 psig) and delivers water at up to -
1 1 00 I min" , while hosereel systems operate at over l O bar ( 1 50 psig) and flow rates of 
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up to - 150 l.min·l The advent ofthe WMFSS 'boom' has recently led the Fire Service 
to conduct some preliminary assessments of the suppression/extinction effectiveness of 
very fine water sprays against typical test fires. 
5. 'CHOICE' OF DROPLET SIZE (THEORETICAL ASPECTS) 
5.1 Effect of pressure on droplet generation 
5 1 . l  Droplet stability 
Lefebvre (Reference 14) defined the atomisation process as the conversion of bulk liquid 
into small drops, due to the disruption of the consolidating influence of surface tension 
by the action of internal and e><lernal forces. In the absence of such disruptive forces, an 
isolated liquid droplet in equilibrium assumes a spherical shape since this possesses the 
minimum surface energy. Any change in system geometry promoted by e><lernal 
distorting forces, such as aerodynamic forces, is resisted by a combination of stabilising 
internal viscous forces and surface tension; break-up of the drop occurs when the 
magnitude of the e><lernal forces just exceeds the surface tension force. 
Under equilibrium conditions, the internal pressure at any point on the drop surface, Pt is 
just sufficient to balance the e><lernal aerodynamic pressure PA and the surface tension 
pressure po so that, 
PI = PA + p" = constant 
and for a spherical drop, 
(9) 
(ID) 
where u is the surface tension (N.m"') and D is the drop diameter (m). When subjected 
to aerodynamic forces, a drop will remain stable provided any changes in air pressure on 
its surface can be compensated for by a corresponding change in po such that Pt remains 
constant (Reference 14). On the other hand, if PA is much greater than po then 
significant changes in the former cannot be accommodated by changes in po in order to 
maintain Pt constant. In these circumstances, the aerodynamic forces may deform the 
drop to an e><lent that leads to a further reduction in Po and ultimately to fragmentation 
into smaller droplets. The increase in Po associated with the decrease in droplet 
diameter (equation ( 10» may then be enough to resist further disruption by e><lernal 
aerodynamic forces, arresting the break-up process. If this is not the case then the 
'aerodynamic shattering' process continues until po is large enough to maintain a 
constant value of Pt at all points on the surface of the drops; at this point the ensemble of 
drops is stable and no further break-up can occur. These considerations led Lefebvre 
(Reference 14) to introduce the concept of a 'critical drop size'. For drops slightly 
larger than this critical size, the break-up time increases for decreasing size; the limiting 
value is associated with the stable drop, which has an infinite break-up time. The 
viscosity of the liquid opposes droplet deformation and fragmentation and therefore 
tends to increase the break-up time. Herterich (Reference ID) presented some simple 
calculations on droplet stability and showed that as the droplet diameter decreases, so its 
resistance to e><lernal destructive forces increases. 
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5.1 .2 OPerating principles of water spray nozzles 
The subject of water atomisation in fire-fighting equipment was introduced earlier in 
Sections 4 1.2 and 4 1.3 Three types of atomisation process were identified as being of 
practical use to the Fire Service (Section 4.1 .2.4): 
• Pressure atomisers - the liquid to be atomised (water) is moved within the nowe and 
the other medium (ambient air) is still, 
• Gaseous atomisers - the liquid to be atomised is essentially stationary and the gaseous 
medium which effects the atomisation moves rapidly within the nozzle, 
• Rifling nozzles - the nozzle remains stationary, while the liquid to be atomised is 
given a 'translatory' (I.e. forward) motion and also a rotational motion After 
ejection at the nozzle, the leading edge of the liquid takes the form of a hollow cone, 
the opening angle of which may be large or small. 
Some of the more important features of these classes of atomisers are now considered, 
and in panicular the effect of operating pressure on the characteristics of the resulting 
water spray 
5.1.1. J Pressure atomisers 
The most basic design of pressure atomiser is the pfam orifice, which represents the 
easiest method of atomising a low-viscosity liquid (Reference 14) At low discharge 
velocity the liquid emerges as a coherent but distorted pencil, however if the liquid 
pressure exceeds the ambient pressure by some I .S  bar (- 22 psig or 150 kPa) then a 
high velocity jet is produced which readily disintegrates into a well-atomised spray. The 
break-up of the jet is promoted by an increase in flow velocity, which increases both the 
level of internal turbulence and the aerodynamic drag forces exerted by the ambient 
atmosphere. Typical sprays produced in this manner have cone angles in the range 5-
150; this parameter is found to depend main1y on the viscosity and surface tension of the 
liquid and the degree of jet turbulence (Reference 14). An increase in the laner tends to 
increase the ratio of the radial to the axial component of the jet velocity and so widens 
the cone angle. Lefebvre cited diesel injectors, jet engine afterburners and rocket engine 
injectors as examples of plain orifice atomisers. 
A variation of the plain orifice nowe is thej1atfifm type (Figure 13), where a flat spray 
sheet is produced from a specially-shaped nozzle incorporating a long slot The 
principle of this nozzle is identical to the impinging jet nowe where jets of liquid are 
produced from separate orifices The fluid streams collide and produce a fan-shaped 
sheet in • plane perpendicular to that containing the nowes (Figure 13(a» In this 
design it becomes increasingly more difficuh to ensure effective jet impingement as the 
nozzle separation is increased, therefore practical flat film (or fan spray) nowe designs 
have been developed which effectively incorporate both jets within a single nozzle 
(Figure 13(b» According to Reference 26, flat film nozzles Ife usually used for low 
80w rates, a working pressure range of I 7-8 6 bar (25-125 psiS) was quoted by Fraser 
and EisenkJ.am (Reference 16) In the discussion section of Reference 16, 0 J Rasbash 
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commented that work by the Fire Research Station on impinging jets had shown that the 
mean droplet size of the spray was inversely proportional to jet pressure, but that this 
effect was seen to tail off at pressures in excess of 7 bar ( 100 psig). This observation 
had important implications for fire-fighting operations, since at the time ( 1956), high 
pressure fire-fighting sprays (41-55 bar, 600-800 psig) were being introduced in 
preference to existing equipment where the maximum operating pressure was - l O bar 
( 1 50 psig). It was noted in Reference 1 0  and Reference 16  that the impinging jet 
technique was widely used to produce fire-fighting sprays. 
The impact nozzle shown in Figure 1 3(c) is similar in concept to the impinging jet type, 
but uses a solid surface to promote disintegration of the liquid stream. A central jet is 
directed against a metal plate fonning a disk-like sheet of liquid which propagates 
radially and fragments into a fine mist at its boundary. The resulting spray trajectory is 
then mainly dictated by gravity; sprinkler heads are an obvious example of impact 
nozzle, corresponding to the inverted Figure 1 3( c) configuration. The most commonly 
used pressure atomiser for small volumes of liquid is the swirl spray nozzle (Figure 
l3(d)). The nozzle comprises a swirl chamber into which liquid enters through 
tangential ports and from which it exits through a central orifice (Reference 16). Inside 
the chamber the liquid swirls around an air core and is then discharged in the form of a 
hollow conical sheet; the latter subsequently disintegrates into smaller drops. If the 
formation of the central air core is suppressed, a 'drowned' or 'solid spray' is formed. 
Such solid cone sprays consist of much coarser droplets, particularly in the central core 
of the spray; however, solid cone sprays have a much greater throw range than hollow 
cone sprays (Reference 16). The development of the spray passes through several 
stages as the liquid injection pressure is increased from zero (Reference 14), and these 
are shown in Figure 13(e). The major limitation of swirl spray atomisers is that the flow 
rate is directly proportional to the square root of the injection pressure differential 
(above ambient); therefore in order to double the flow rate, a fourfold increase in nozzle 
pressure is required. The implications of this characteristic are either excessive demands 
on nozzle pressure at high flows, or poor atomisation at low flows if the swirl ports are 
sized to pass the maximum flow rate at the maximum injection pressure. Various 
refinements to the basic swirl spray nozzle have been devised for combustion 
applications, in order to avoid these difficulties; further discussion of these issues may be 
found in References 14 and 16.  
5.1.2.2 Gasecnts atomisers 
Gaseous, or twin fluid, atomiser designs do not suffer from the problem of poor 
atomisation at low liquid injection rates, discussed above. In these nozzles, the 
atomisation process is enhanced through the introduction of a high-velocity gas stream, 
which impinges on a relatively low-velocity liquid stream (Reference 14). These designs 
are classed as either internal or erternal gaseous atomisers, depending on whether the 
gas stream is initially surrounded by, or surrounds, the liquid discharge respectively. 
Figure 1 3(1) shows a cross-section through a typical external twin fluid atomiser, where 
the air is passed through an annulus concentric with a plain orifice from which the liquid 
jet is discharged. In general, this type of atomiser produces relatively small drops and a 
wide spectrum of drop sizes. 
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5. 1.2.3 RJjlmg or swirl atOfnlsers 
The main points relevant to this type of nozzle are discussed In Section 5 I 2 I 
concerning swirl spray nozzles 
5.1.2.4 Other types of atomisers 
Lefebvre (Reference 14) also discussed various novel types of atomiser design, 
including effervescelll atomisers, electrostatic atomisers, ultrasonic atomisers and 
.... h,stle atomisers The principle of effervescent atomisers is that the gas is introduced, 
under pressure, directly into the bulk liquid at some point upstream of the nozzle The 
method known as supercrlllcal "'Jecr,o" relies on the jlashmg of dissolved gas in the 
liquid, and this technique has been proposed to improve the atomisation of liquid fuels 
The problems are those of forcing the gas to dissolve in the liquid initially and then to be 
released from solution when required to promote atomisation Lefebvre commented that 
the problem oflow bubble growth rate could prove 10 be a fundamental limitation to the 
practical application of flashing injection by dissolved gas systems Electrostatic 
atomisers promote the fragmentation of water droplets by the mutual repulsion of like 
charges on the swface of individual drops Hence, an electrical pressure is set up which 
tends to expand the sunace area and this is resisted by the forces of swface tension, 
when the former exceeds the latter, the surface becomes unstable and droplet 
disintegration commences Initial experiments with this method were limited to very low 
flow rates, and restricted its practical uses to painting and printing applications 
However, the development of the 'spray tnode' (Reference 14) was seen as a major step 
forward in realising high throughputs with electrostatic atomisers. Basical.ly, the spray 
mode consists of a high densi7 of very small tungsten fibres, embedded in a refractory 
material, at densities up to 10  cm·l (Reference 14) Since each fibre can handle flow 
rates of up to I m1.s·\ a 600 I min·1 main branch supply would, in theory at least, require 
ten thousand (10·) such electrodes, over a total area of - 0 I mm2 
Ultrasonic atomisers promote the atomisation of liquids by their contact with a rapidly 
vibrating solid surface Early use of the technique, between - 1960-80, was restricted 10 
lhe combustion area, latterly however, ultrasonic nozzle technology has found 
applications in semiconductor processing, humidification and the vapourisation of 
volatile anaesthetic agents in hospitals (Reference 14) Such nozzles can produce very 
fine atomisation at the extremely low flow fates required in certain pharmaceutical and 
lubrication processes Drop sizes in the range 1-5 � are produced by medical 
'nebuJisers', where inhaled drugs or water are required to penetrate to the extreme air 
p&SS'ges of the rungs to provide medication or humidification The very low spray velocity associated with this nozzle design is also a useful attribute in these applications, 
facilitating the entraimnent of droplets in a moving air stream and their controlled 
conveyance as a fine mist Ultrasonic atomisers are much less able to cope with flow 
tales at the higher end of the spectrum required by combustion or fire-fighting 
applications, maximum flow rates of around 7 1.h-1 are feported by Lefebvre (Reference 
14) The whistle atomIser is essentially another form of gaseous atomiser, where a high 
preaure gas flow is focused into the centre of a liquid jet, causing liquid fragmentation 
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with the emission of strong sound waves. These designs normally operate at a sound 
frequency of about 10 kHz and produce droplets around 50 !lm in diameter at liquid 
flow rates up to 1 .25 I .s·' .  A deficiency of whistle atomisers is that the drop size cannot 
be easily controlled unless the nozzle diameter is altered. According to Lefebvre, no 
reliable or proven theoretical analysis of whistle atomisers is available, but the evidence 
suggests that the sound field is not a controlling factor in the atomisation process. 
5 . 1 .3 Drop size 
The size of an individual droplet, or some mean drop size within a spray, is of great 
importance when discussing other attributes of the spray. For example, the kinetic 
energy associated with a droplet is proportional to its mass times its velocity squared 
(k.e. = Y2I".?) and the former is proportional to the cube of its diameter. Similarly, the 
resistance offered by the surrounding air to the forward motion of the droplets is 
proportional to the droplet diameter. Therefore the carrying power, or penetration, of 
the spray is strongly dependent upon the drop size distribution (Section 5.2). The 
efficiency of heat transfer to water droplets, which is fundamental to their use in fire· 
fighting applications, is also dependent on droplet geometry and in particular the ratio of 
the total surface area of the spray to its volume; maximising this ratio is beneficial in 
promoting rapid absorption of heat from the environment and subsequent evaporation of 
the droplet (Section 5.3). In order to illustrate the relationship between droplet mean 
diameter and the total surface area of the spray, Herterich (Reference 10) considered the 
idealised atomisation of one litre of water into a number of droplets of equal diameter. 
If one litre of water is subdivided into i droplets of equal volume then, 
Vto( = i mJ3 = 106 (mm3) 
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and so the diameter of each droplet is given by, 
(mm) 
and 
S - imJ' (mm')  ,ot -
( 1 1) 
( 12) 
( 1 3) 
is the corresponding total surface area per litre volume of the resulting spray. Figure 14, 
plotted for a one litre volume of water and 103 < i < 10", confirms the dramatic increase 
in surface area which may be achieved with effective atomisation and Table 6 (page 32) 
contains some extracts of data from Figure 14 which illustrate this trend. 
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Sprays comprised of droplets of equal diameter are referred to as monodlspi!rse and are 
quite rare in practice since specialised rotary atomisers are required for their production 
Ifliquid is introduced onto a spinning disk or cup, the radial acceleration produces a thin 
sheet of fluid which is thrown off at the edge and disintegrates into 'main' droplets of a 
very uniform size which are well separated in space and are accompanied by two smaller 
'satellite' droplets (Reference 16) Hoare (Reference 26) suggested that 20 �m droplets 
would be produced by a rotary atomiser (125 mm disk) spinning al 20 000 T.p m Fraser 
and Eisenklam (Reference \6) discussed some early experimental investigations of the 
factors affecting the main drop size �I from rotary atomisers The empirical equation, 
d =
360 000 la 
M s vliP: (14) 
was found to be applicable to a spinning disk atomiser with a square edge profile, in this 
expression � is the main drop size (microns), S the rotation speed (r.p.m.), D the disk 
diameter (cm), a the surface tension (dynes cm-I) and Pt is the liquid density (g cm-l) 
It was observed that the edge profile exened a strong influence on dM and that in general 
the liquid flow rate in rotary atomisers needed to be maintained within a critical range of 
flow rates to ensure reliable operation Hoare (Reference 26) also noted that the rotary 
atomiser principle was used in mechanical fog production to generate very fine particle 
sizes (-5 }.Un) at correspondingly low liquid injection rates 
In contrast to the somewhat idealised monodisperse sprays, most sprays of practical 
imponance are polydisperse in nature, that is they consist of a wide range of droplet 
sizes, associated with some form of frequency distribution Lefebvre (Reference 14) 
noted that the physical processes involved in atomisation are not yet sufficiently well 
understood for mean diameters to be expressed in terms of fundamental equations Even 
the simplest case of the break-up ofa liquid jet, which has been studied theoretically for 
over a century, cannot yet be satisfactorily explained by existing theories It is not 
surprising then, that our understanding of the sprays produced by more complex 
atomisation techniques remains far from complete Many experimental investigations of 
polydisperse spray production have been conducted however, and simple empirical 
equations have been sought 10 characterise the mean drop size (see also Section 4 I 2 2) 
and drop size distribution in tenns of a few principal system variables The most 
relevant liquid propenies are the surface tension, viscosity and density; for liquids 
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injected into a gaseous atmosphere the gas density is also important In addition the 
liquid and gas velocity fields and nozzle geometry must also be considered Detailed 
discussions of how these factors affect the spray quality from various types of atomiser 
are found in References 10, 16 and most extensively in Reference 14 The liquid 
viscosity was identified in Reference 16 as being the most influential property affecting 
the drop size, a decrease in viscosity resulting in a more uniform spray of smaller drops 
Merrington and Richardson (Reference 36) performed a series of tests on sprays injected 
from a plain circular orifice into stagnant air, in order to investigate the performance of 
nozzles used in aircraft. The mean drop size (Sauter mean diameter, DJ2 in Table 3 ,  
page 1 5) was found to be related to the system variables by the equation, 
( 15) 
where d. is the nozzle diameter, vL is the !cinematic viscosity (absolute viscosity divided 
by density) of the liquid and v is the injection velocity at the nozzle Herterich 
(Reference 1 0) noted that at 'high air speeds', the above equation was found to reduce 
to, 
D _ 500 I{.l ( ) )2 - m 
v 
( 16) 
where the mean droplet diameter becomes independent of the nozzle geometry for 
relative liquid:air velocities in excess of the atomisation leveP. Lefebvre (Reference 14) 
listed six additional empirical correlations for the mean droplet size produced by plain 
orifice atomisers, including some more recent expressions developed for diesel-type 
lDJectors. 
Herterich (Reference 10) reproduced a graph of mean droplet size v. nozzle pressure 
from a previous investigation of impinging jet atomisation (Figure 15). This plot shows 
the effect of increasing jet pressure, nozzle diameter and interception angle (8) on the 
mean droplet diameter (determined by the Ros;Il-Rammler method to be the diameter 
above which 36.8% of the spray volume resides); the tests employed nozzle diameters of 
1 .6-4.75 mm at pressures in the range - 1 .4-8.3 bar (- 20- 120 psig). The general trends 
are that the droplet mean diameter decreases with both increasing pressure and 
interception angle; the throw of the spray however, was found to decrease as the angle 
of interception was increased. The uppermost (8  = 30·) curve however, appears to 
confirm the FRS supposition (see bottom of page 28) that a minimum mean droplet 
diameter is attained at some pressure; thereafter, a reversaJ of the trend is indicated, with 
droplet mean diameter tending to increase with increasing nozzle pressure. Given the 
similar shapes of the other curves, it is tempting to speculate that a similar behaviour 
would exist for jets strilcing at larger angles; unfortunately experimental data were not 
reported for pressures higher than - 8 bar (- 1 20 psig) 
1 The critical relative velocity far anset af alantisatian is v <! 30« ,,/ a) 1/4 ( a/ tfJ)'/& (Rd'=DCe 10) 
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Fraser and Eisenldam (Reference 16) reponed drop size: correlations for various nozzles 
designs, such as, 
(17) 
for commercially-available single hole fan spray noules, where h" is the thickness of the 
liquid sheet at break-up (�m), a is the surface tension (dynes cm-I), v is the velocity of 
the liquid sheet (cm S-I) and 15 400 is an empirical constant It was noted that the mean 
drop sizes predicted by the above equation, and found in practice, are some 10-55 times 
larger than the thickness of the liquid sheet 
The pressure-swirl (or swirl-spray) atomiser has been the subject of numerous 
experimental and theoretical studies (Reference 14) because of its wide range of 
applications. Despite this research effon, the complexities of the system combined with 
uncenainties in the experimental data have so far prevented the development of a 
complete understanding of pressure-swirl atomisation The parameters controUing the 
atomisation quality of these nowes are once again the physical properties of the liquid 
and gaseous atmosphere, together with the liquid injection pressure and the size of the 
atomiser as indicated by its 'flow number', 
FNUK = Jp (18) 
where Q is the flow rate in UK gallons per hour and p is the injection pressure 
differential in pounds per square inch Alternatively a metric flow number is sometimes 
used, defined as, 
m , FN = --,-= (m ) ,PP!. 
(19) 
where m is the flow rate (kg S·I), and the units of p and p are N mol (pa) and kg mol 
respectively The inclusion of the liquid density in equation (19) enables the How 
number to be defined as the effective flow area of the nowe in a dimensionaUy-correct 
expression; in contrast, comparisons of noule perfonnance based on equation (18) are 
meaningful only where data are obtained with a standard calibration fluid. Fraser and 
EisenkJam (Reference 16) compared the performance of fan spray and swirl spray 
nozzles with water injection using empirical formulae for the Sauter mean diameter 
calculated over a range of flow numbers from 0 2-2 0 and nowe pressures from - 2-7 
bar (- 25-100 psig) In general the drop size was predicted to decrease with increasing 
pressure for both nozzle designs At low flow numbers the perfonnance of the two 
designs was similar, but at higher FN, the swirl-spray nozzle gave smaller drop sizes, and 
panicu1&rty at higher pressures For water, pressures in excess of7 bar (100 psig) were 
not found to materially reduce the drop size, panicu1arly for fan-spray nowes Lefebvre 
(Reference 14) presented a detailed discussion of the various factors which influence 
prn.are-swirl atomisation, namely surface lension, viscosity, liquid flow rate, flow 
.,mhttr, nozzle pressure differential, air properties and atomiser dimensions 
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Conventional, empirical, analyses of the pressure-swirl atomisation had led to 
correlations for Sauter mean drop size of the form, 
where the variables on the right hand side are those of surface tension, kinematic 
viscosity, liquid mass flow rate and nozzle pressure differential. The expressions 
discussed in Reference 14 contain various values for the exponents a-d, with variations 
attributed to differences in nozzle design or flow regime. Lefebvre proposed the 
following alternative expression for the mean drop sizes produced by pressure-swirl 
atomisers, derived from a 'first principles' consideration of the mechanisms involved, 
0.2' 
DJ2 = 4. 52 (I cose)o." + 0.39 uPL 
PAt'lpL 
O.2S 
(I cose)o." (21 )  
where e is half the spray cone angle (0) and the 'spray film thickness', I, is given by, 
0." 
(22) 
and do is the diameter of the final exit orifice of the nozzle. It was argued that this 
treatment of the problem captured all of the important physical processes involved and 
predicted trends in nozzle performance which were consistent with previously published 
findings. 
The drops sizes from twin fluid atomisers are, in general, smaller than those produced by 
swirl-spray or fan spray nozzles. Fraser and Eisenklam (Reference 16) reported an early 
empirical equation based on several hundred experiments with small twin fluid nozzles 





'I ( 1000) 
V PL �rPL J (23) 
where Dn is the Sauter mean diameter (microns), V is the velocity of air relative to 
liquid at the nozzle exit (m.s-'), U is the surface tension (30-73 dynes.cm-'), PL is the 
liquid density (0.8-1 .2 g.cm-J), 'I is the absolute viscosity (0.01-0.3 poise) and ) is the 
airlliquid volume ratio at air and liquid orifice respectively, i.e. at the ambient pressure. 
The above equation was originally developed for twin fluid inlernal mixing atomisers 
operating at subsonic relative velocities, but was found to apply equally to supersonic 
discharges; the difference between internal and external atomisers is discussed in Section 
5. 1 .2.2 of this report. For any particular liquid, the drop size is determined by the air to 
liquid ratio and the relative velocity; drop size decreases as the air pressure and air to 
liquid ratio are increased and drop sizes of 20-30 �m (Reference 16) and even one 
micron (Reference 37) have been reliably produced. 
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Lefebvre (Reference 14) reported twO empirica.l expressions for the Sauter mean 
diameter of droplets produced by external twin fluid atomisers (Figure 13(t) Firstly, 
(24) 
where t is the initial film thickness (- DJrID.), Do is the outer diameter of the pressure 
nozzle, D. is the diameter of the annular gas nozzle, h is the slot width of the pressure 
nozzle, Oh is the 'stability number' (pUPLtut� and We is the 'Weber number', 
PI.u!t/U Once again the mean droplet size is found to reduce with increasing air 
velocity UIt and with decreasing liquid viscosity The alternative expression, 
( . )." �l = SIdo Re...(l.l9 We...(l.ll :� (25) 
where Re = Pt 'lldo/ PL and We = PLdov1 /a, was also discussed in Reference 14 This 
equation was developed during a study of kerosene sprays and it was found that smaller 
droplets were produced when the spray was injected into higher ambient air pressures, 
for example V,l - 70 IJITI at Pit - 200 kPa (2 bar) while Du - SO .,un at Pit - 600 kPa (6 
bar) Lefebvre (Reference 14) summarised the behaviour of external rwin fluid 
atomisers in the following four conclusions 
• For any given liquid, the key factors governing atomisation quality are the: dynamic 
pressure of the atomising air and the relative velocity between the liquid and the 
surrounding air; 
• For any particular air velocity, continual increase in liquid injection pressure from an 
initial value of zero produces an increase in the Sauter mean diameter (SMO) up to a 
maximum value, beyond which funher increase in injection pressure causes the: SMD 
to decline, 
• The liquid injection pressure at which the Sl\.ID attains its maximum value increases 
with increase in atomising air velocity; 
• Whereas increase in air velocity is usually beneficial to atomisation quality, increase in 
liquid velocity may help or hinder atomisation, depending on whether it increases or 
decreases the relative velocity between the liquid and the surrounding air 
For rifling noules more associated with fire-fighting applications, Henerich reported 
that the expression, 
(26) 
where D10 is the linear mean diameter (Table 3, page IS), u is the surface tension, r is 
the radius of the tangential flow inlet, p is the pressure upstream of the nozzle and R is 
the radius of the turbuJence chamber into which the tangential flow enters The absence 
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of the nozzle diameter in the above equation was in agreement with previous findings 
(Reference 10). Henerich also reponed a very simple expression for estimating drop 
diameters based on a consideration of droplet stability, 
(27) 
where v is the discharge velocity of the water into still air (m.s"' ). While the simplicity of 
the expression is attractive, the general impression obtained from the above section is 
that droplet atomisation is rarely monodisperse and depends upon many system 
variables. 
5.2 Ability to travel (spray penetration or 'tbrow') 
5.2. 1 Spray penetration in the absence ofa fire 
Lefebvre (Reference 14)  defined tbe penetration of a spray as the 'maximum distance it 
reaches when injected into stagnant air'. The practical penetration achieved by a 
particular spray is governed by the relative magnitudes of the kinetic energy of the initial 
liquid jet and the degree of aerodynamic resistance offered by the surrounding gas. 
Although the initial velocity of the jet is usually high, the ensuing break-up into droplets 
rapidly increases the surface area of the spray and the kinetic energy is gradually 
dissipated by frictional losses. Once the initial kinetic energy has been expended, the 
spray trajectory is ultimately dictated by a combination of local air currents and the force 
of gravity. Lefebvre presumed that, in general, a compact narrow spray would have a 
high penetration while a well-atomised spray of wide cone angle would, by virtue of its 
increased air resistance, tend to have a low penetration. All other things being equal, the 
penetration of a spray is much greater than for an individual drop, since the leading 
droplets impan forward momentum to the surrounding gas, reducing the air drag on the 
following drops and promoting better penetration. According to Ranz (Reference 38), a 
single droplet has a 'stopping distance' which is an order of magnitude smaller than the 
ultimate penetration distance of the spray in which it resides. However, Ranz' analytical 
treatment of spray penetration was admittedly 'largely conjecture' and contained several 
unknown parameters; hence this work is no practical value at present, although it was 
envisaged that the concepts presented might be of use in future experimental 
programmes. 
Hoare (Reference 26) reponed several examples of spray penetration in agricultural 
applications: 400-1 500 lUll drops produced by 400-600 psig nozzles could be projected 
to 30 feet (- 9 m) into the air (tree spraying), 100-200 �m drops at 200-300 psig were 
thrown some 6-7 feet (- 2 m) (vineyards), 80-150 lUll drops at 40-100 psig were 
suitable for herbicidal spraying and for droplets < 80 lUll there was a danger of the spray 
being picked up by the wind and deposited onto crops where they might cause damage. 
It appeared that a droplet size of -180 lUll was optimum for drift spraying and this 
system was a compromise, allowing the wind to carry the droplet a certain distance 
while the droplet also fell under gravity. The latter system was best produced by a 'high 
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speed air jce', but no other system detail s were given in relation to effective penetratlOn 
distances 
Henerich (Reference 10) reported the theoretical analyses of Euteneuer (Reference 39), 
who utilised the simplified impulse theorem to calculate the horizontal throw ranges of 
single droplets and spray-jets For the case of a single droplet, Euteneuer proposed the 
equation, 
(28) 
where x is the distance of throw (m), v. is the initial velocity of the drop (m 51), I is the 
'flight time' (s) and d is the drop diameter (nun) 80th theory and experiment indicated 
that the throw range could be increased by raising the initial discharge velocity (v.). by 
employing a higher pressure at the nozzle. the experimental programme covered a range 
of nozzle diameters from 0 1-3 mm and pressure heads of 2 5-20 bar (- 35-300 psig) 
Euteneuer's equation, above. does indicate that the throw of a droplet may be increased 
by raising the initial velocity v. (through a corresponding increase in nozzle pressure), 
however this mechanism cannot be relied upon indefinitely, since the accompanying 
decrease in droplet diameter at higher pressures has the opposite effect on 'x' in the 
equation, thus reducing the penetration Euteneuer extended his theoretica1 analysis to 
the case of a spray-jet, comprised of multiple droplets., where the maximum distance of 
throw was defined as the horizontal distance from the nozzle to the point of greatest 
water delivery These data (quoted by Henerich in Reference 10) showed that spray-jet 
penetration was expected to be significantly greater than for single drops and also 
confirmed the general fall-off in penetration at elevated nozzle pressures 
Henerich argued that it was often wrongly assumed that a sizeable increase in pressure 
will promote better atomisation or bring about a greater distance of throw It was stated 
funher that this misconception had led the fire-fighting industry to introduce high 
pressure pumps (up to - 60 bar, 900 psig) which was completely unnecessary. since the 
maximum throw for a spray-jet was anlined at a much lower pressure 
On the other hand, Gunler (Reference 40) used the empirical formula developed by 
Thomas and Smart (Reference 41), 
(29) 
to compare the performance of 'normal' and high pressure water sprays In this 
fonnula, w is the 'average throw' of a spray-jet (m), Q is the flow rate (I min" ), H is the 
nozzle operating pressure (metres of water equivalent) and (J is the included angle of the 
spray e), the fomwla is valid for 300 < (J < 900 This fonnula was also discussed by 
Hcrterich (Reference 10), who noted that w is influenced more by changes in cone angle 
ud ftow rate tIwt by the nowe operating pressure Gunler (Reference 40) used the 
above equation to demonstrate the increased penetration achieved by high pressure 
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sprays (H.., - 320 metres w.g., - 30 bar, 450 psig) over normal pressure sprays (H." -
48 m w.g., - 5 bar, 70 psig); thus, 
(30) 
indicates a 70% increase in spray penetration for these values of nozzle pressure. 
However, in the original paper by Thomas and Smart (Reference 41), equation (29) was 
derived from an analysis of photographs of the sprays produced by nozzles operating at 
pressures of - 3, 7 and 10 bar (50, 100 and 1 50 psig) and flow rates between - 45-1955 
l.min·' ( 1 0-430 gallons per minute). Additional visual estimates of the throws produced 
by higher pressure sprays (- 20 and 40 bar, 300 and 600 psig) showed that equation (29) 
tended to grossly overestimate w; it was concluded that the extrapolation of this 
expression to high pressure cases was not reliable since the effect of pressure was 
reduced. Given this conclusion, GUttler's (Reference 40) assertion of a monotonic 
increase of throw with pressure must therefore be seen as questionable. 
Herterich (Reference 1 0) concluded that the empirical and theoretical data on the throw 
of spray jets, available in 1 960, were not adequate to define this parameter as a simple 
function of nozzle pressure. It was argued that any increase in nozzle pressure above 14  
bar (- 200 psig) was not justified since any increase in throw range would be offset by 
operational difficulties. Herterich therefore recommended that it would be more 
profitable to design improved spray nozzles with spray angles between 6-25°, more 
efficient atomisation and a better conversion of nozzle pressure into forward velocity. 
Lefebvre (Reference 14) also discussed the penetration (x) of liquid sprays, and 
presented equations developed during research on diesel injectors, for example 
0.48 




(3 1 )  
where do is the nozzle diameter and t represents the 'injection time'. The latter 
parameter is typically measured in milliseconds and therefore this type of correlation 
cannot be confidently extrapolated to the case of continuous fire-fighting sprays where 
the time of injection is essentially infinite; under these conditions the above equation 
would erroneously predict correspondingly infinite penetrations. At present there 
appears to be no widely accepted, practical methodology for predicting the throw range 
of typical fire-fighting sprays. 
Yule et al. (Reference 42) described a technique based on laser Doppler anemometry 
(LDA) which allowed simultaneous particle size and velocity measurements in sprays. 
The method was developed for measuring fuel droplet data in vaporising or burning fuel 
sprays to assist in the development of spray combustion systems. Laboratory-scale twin­
fluid atomised kerosene sprays (Qc - 0. 1 ml.s·' and Q. - 63-126 ml.s·') were analysed 
using this technique; droplet mean diameters and velocities were found to range between 
_ 20-120 � and - 2-1 5  m.s·' respectively. The possible extension of the method to 
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larger·scaJe sprays was not discussed, although in principle this would appear 10 be 
possible The LDA technique is discussed further in Section 5 5 of this repon, together 
with various other methods for estimating droplet size distnbutions 
5 2 2 Spray oenettatjonfinteractlon with fire plume convection currents 
Rasbash (Reference 43) listed the factors controlling the penetration of a spray 10 the 
seat ofa fire as the drop size and thrust (or force) of the spray, the thrusts of the flames 
and wind, gravity and the evaporation of the spray in Ihe flames Rasbash noted that 
during manual fire·fighting with water sprays, the combined dissipative effects of flame 
thrust, evaporalion and ambient wind could be minimised by apply;ng the spray directly 
through the base of the flames to the fuel from the upwind side of the fire, under these 
conditions the horizontal throw of the spray (dictated by the spray thrust and gravity) 
usually determines the degree of penetration 10 cases where the spray is applied 
downward onto the fire however, all the aforementioned factors play a role, and in 
panicular the relative thrusts of the flames and the water spray (Reference 43) The 
former is proportional to the buoyancy generated by the fire, and hence the rate of heat 
release, while the latter is a function of the reaction at the nozzle and the width of the 
spray An appendix in Reference 43 considered these parameters in more detail , briefly, 
the upward thrust of a flame was shown 10 be correlated with the flame height whil e for 
water sprays the non·dimensional velocity profile was found to be similar 10 that for 
turbulent free jets Experiments on the downward penetration of water sprays omo 0 3 
m diameter kerosene pool fires showed that the penetration decreased as the spray 
pattern became more 'peaked' in the cenlre of the pool and as the thrust and the drop 
size of the spray decreased 
In a subsequent paper (Reference 44), Rasbash discussed a theoretical model of spray 
penetration into a flame based on equations describing the deceleration and evaporation 
of the drops Results showing drop size and drop velocity histories for various initial 
conditions (I,e, droplet diameter and velocity) were presented, assuming a characteristic 
flame temperature of 1000 °C Two flame velocities were used in the calculations, 
either zero or 2 5 m s' in an upward direction For the range of drop sizes examined 
(5()'500 �), the penetration distance was found to be approximately proponional to 
the square of the diameter for a given flame velocity and initial droplet velocity The 
upward velocity of the flame was observed to have a significant effect on the penetration 
of the drop The penetration into a stationary flame was some six limes greater than that 
predicted for a Oame with a vertical velocity of2 5 m s' Rasbash's model is discussed 
funher in Section 5 3 2 in the context of heat transfer from flames to water sprays 
McCaffiey (Reference 45) separated the dynamics or the water droplet·flame interaction 
into three levels of complexity· simple momentum conservation between a non· 
evaporating panicle and a flowing gas stream., a momentum and energy balance around a 
droptel (including an evaporation mechanism) and finally, the �Grand· model, 
incorponting a complete set of (solvable) governing equations describing the effects of 
radiation. turbulence and chemical kinetics McCaffiey demonstrated the utility of a 
_.pe first st .. (i.e, mome.llum conservation only) droplet-flame interaction model 
and pi I! iC«1 • parametric plot of the droplet injection problem for a horizontally· 
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propelled droplet traversing an upward-flowing gas jet (Figure 16); the application under 
consideration was the suppression by water of jet diffusion flames associated with oil­
well blow-offs. The density ratio PAl Pw was assumed to be 0.001 (e.g. air:water) and 
curves were produced showing the non-dimensional trajectory (x' = x/D, y' = yiD) as 
a function of non-dimensional time t' = tvolD and the initial velocity ratio vAlvo (gas 
velocity:initial droplet velocity) where D is the droplet diameter. The plot was shown to 
be of use in estimating whether a particular drop size is likely to remain resident in the 
flame or pass straight through. Ideally in practice it is desirable to match the droplet size 
and momentum to the characteristics of the anticipated gas stream (i.e. its momentum 
and width) to guarantee a residence time which realises the heat extraction potential of 
the droplet. The dashed lines in Figure 16  illustrate the effect of different density ratios 
and each are drawn for the particular case where vAlvo = 20. The model (unspecified) 
allows the initial injection angle to vary and includes "flexible" models for the effects of 
buoyancy and drag forces on the particle. McCaflTey (Reference 45) also conceded that 
although a single droplet would not disturb the gas flow unduly, in practice a spray of 
particles would be expected to have a significant effect on the flow field of the fuel gas; 
a more general model would also need to incorporate statistical distributions of initial 
particle size and velocity. 
One important aspect of spray interaction with fires is the expansion of the flame volume 
which sometimes accompanies the initiation of fire suppression activity. The increase in 
heat release rate is due to the air entrained within the spray envelope, which both 
increases the amount of oxygen available to the fire and promotes more intimate mixing 
of the reactants in the flame zone. McQuaid developed a method for estimating the 
volume of air entrained within water sprays and compared the predictions of this analysis 
with some experimental data obtained at realistic scales (Reference 46). The method 
was originally developed as a design aid for water-spray barriers intended to assist the 
dispersal of gas or vapour leakages in chemical plants (Reference 47). The air­
entrainment relationship proposed by McQuaid is shown in Figure 17, where Q. is the 
rate of air entrainment into the spray (m'. s·'), Qw is the water flow rate (1.5"'), D is the 
width of the spray (m) and P is the density of water ( 1000 kg.m·'). The flow number F 
is defined as F = Qw / � Pw where P w is the water pressure at the nozzle (pa). The 
method is used to estimate the total rate of air entrainment into the spray envelope from 
the nozzle to the plane where the spray width is D. However, the analysis is restricted 
to cases where F is a constant, which occurs when flow conditions in the nozzle are fully 
turbulent. McQuaid (Reference 46) noted that the spread of the original small-scale data 
used to construct Figure 17  was around ±20%; for the comparisons with the large-scale 
data, the mean ratio of predicted to experimental air entrainment was 0.97 with a 
standard deviation of 36%. Given the uncertainties in the reported experimental data, 
McQuaid concluded that the accuracy of the method was acceptable for its intended 
practical application. Using the data for the first spray in Table 5 (page 23) of this 
report, Pw = 700 1cPa, Qw = 3.7 I.s·' and D = 0.9 m which gives F - 4.4 X 10·' and Q.JQw 
- 1 . 1 ,  leading to an estimate for the air entrainment rate of Q. - 4 m'. s·'. 
Although the simplicity of McQuaid's method is attractive, it lacks the sophistication to 
model water sprays used within compartments in the presence of fire and has not been 
validated against more recent nozzle data. The more advanced modelling techniques 
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which are discussed below have the capability to provide a more accurate calculation of 
air entrainment rates, aJbeit 11 the expense of greater computational effon The 
empirica1ly·based compartment fire suppression model described in Section 6 2 2 strikes 
a baJance between the two approaches and also has the capacity to generate air 
entrainmem rate data 
There is a growing body of contemporary research concerned with the interaction 
between water droplets and buoyant fire plumes, this research has in largt measure been 
driven by the desire to improve the design of fixed sprinkler systems (References 48-56) 
Beyler (Reference 48) described a 'unified mathematically expressed conceptual 
framework' for analysing the interaction of fires and sprinklers For simplicity, the 
problem was partitioned into three sub--models a sprinkler actuation model, a model of 
drop formation and dynamics and a fire suppression model The drop size distribution 
was identified as a critical element in detennining the effectiveness of a sprinkler system 
Experiments had shown that although small drops were most effective in cooling the 
atmosphere, these were often transponed away from the fire by convection currents and 
deposited on adjacent sprinkler elements The cooling effect thereby produced was 
often found to result in delayed actuation of adjacent heads thus favouring the actuation 
of more remote heads (a phenomenon known as 'sprinkler skipping') In contrast, large 
drops were not prone to deflection by the fire plume and were more able to penetrate to 
the seat of the fire, at the expense of reduced atmospheric cooling Beyler's droplet-fire 
interaction model (Reference 48) included the effects of evaporation and drag forces on 
the droplet within a hot air plwne with Gaussian distributions of velocity and 
temperature. It was found that the smaller drop sizes were more affected by evaporation 
than larger ones and evaporation had negligible effect on the dynamics of drops greater 
than - 2 mm diameter Heat gain by thermal radiation was ignored since the residence 
times of the large drops within the combustion zone were short (- 0.1-0.3 s). An 
analysis of the effect of heat release rate revealed a strong influence on the degree of 
plume penetration. In the case of a small fire (250 kW), the updraught from the fire was 
sufficient to carry a 1 mm diameter droplet away from the fire, preventing it from 
landing on the fuel surface These results indicated that there may exist a critical heat 
release rate above which a given drop size woWd not contribute to fire extinguislunent, 
although Beyler stated that further sensitivity studies would be required to validate this 
hypothesis 
Factory Mutual Research Corporation (FMRC) developed a computer simulation of 
water spray-fire plume interaction, to assist in identifying the controlling parameters 
affecting fire suppression and thereby to improve the cost-effectiveness of large-scale 
testing and sprinkler optimisation (Reference 49) It was also envisaged that the 
comprehensive data set produced by the FMRS model couJd be used to develop 
simplified correlations to aid the design process for sprinkler systems AJpen and 
Detichatsios (Reference 49) described improvements to the computational algorithm for 
simulating the axisymmetric spray-plume interaction Results were presented to 
illustrate the behaviour of a downward-facing droplet spray interacting with a buoyant 
fire plume, where both elements shared a common centre line, the more general case of a 
sprinkler head not centred on the fire is more complex and requires a three-dimensional 
modelling technique. The successful modelling of the fire suppression problem was seen 
u comprising two main areas the simulation of water droplet dynamics prior to 
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impinging onto the fuel bed and the subsequent effect on fire development; only the 
former was considered in Reference 49. The study consisted of more than 100 
numerical solutions for the flow field arising from the interaction of a point or ring 
monodisperse spray with a fire plume. Fire heat outputs ranged from 0.5-4 MW and 
spray variations included: median droplet size (0.6, 1 .0, 1 .4 mm), water flow rate (2.3, 
4.6, 7.0 kg.s·' ) and injection velocity (8 and 16 m.s·'); output data included gas 
streamlines, isotherms and droplet trajectories. The influence of the fire plume was 
characterised by a 'penetration ratio' (P.), obtained by comparing the droplet trajectories 
under no-fire conditions with those modified by the fire plume. This ratio was defined as 
the amount of water reaching the base of the heat release zone under no-fire conditions 
to that obtained in the presence of a fire; a complex weighting procedure was adopted to 
take account of all droplets reaching floor level. Correlations were obtained for the 
variation in P. from zero to unity, in terms of the functional relationship, 
(32) 
where Ms is the vertical thrust of the spray in the absence of a fire, Mp is the plume 
vertical thrust at the elevation of the spray nozzle, d is the mass median droplet diameter 
and de is a 'critical droplet diameter'. The latter was defined as the approximate 
maximum size of an isolated droplet whose downward motion can be arrested by a 
particular plume flow on the plume axis at the spray nozzle elevation. The values of Mp 
and de were deduced by calculation for each fire condition. Although the efficacy of 
equation (32) was confirmed and some general conclusions were drawn, it was 
considered that improvements in the numerical solution technique were necessary. In 
order to remove some of the instabilities observed in the model, a more accurate, fully 
transient computer code was being developed. 
Heskestad (Reference 50) discussed the development of a submodel for sprinkler-hot 
layer interaction designed to be incorporated into two-layer zone models of 
compartment fires. The model considered the discharge of an isolated sprinkler into a 
quiescent upper hot layer of fire gases and the subsequent penetration of the jet into the 
cool air below. The goal was to simulate the initial cooling effect on the hot layer, the 
degree of spray penetration into the lower layer and the secondary cooling of the upper 
layer by the buoyant re-entry of the warmed water jet into the upper layer with cool air 
entrained from the lower layer. Details of the main elements of the model were 
described, including: the entrainment of air into a water spray, the penetration of spray 
induced flow into the lower layer, the entrainment of the lower layer fluid into the upper 
layer, the heat transfer to evaporating liquid drops and the heat balance within the upper 
layer (of uniform temperature); the fire plume itself was not simulated. The model was 
'calibrated' with reference to a series of25 sprinklered room fire experiments in order to 
determine the value of some empirical coefficients. The cooling predictions for the hot 
layer were found to agree well with the published results for fires in the range - 130-500 
kW interacting with sprays from three different sprinkler nozzles at water flow rates 
between - 40-100 I.min·l The calculated penetration depths and associated entrainment 
rates from the cool lower layer were found to be negligible in all cases, although a lack 
of experimental data precluded the confirmation of these predictions. 
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Alpert (Reference 51)  reiterated FMRC's goal of obtaining simple correlations for 
spray·plume interaction from an analysis of the results of more complex models of the 
types described above, this theme was previously introduced in Reference 49 The 
percentage penetration of a sprinkler spray through a fire plume, expressed as a function 
of easily measurable spray and plume characteristics was given as an example of such a 
correlation Results from FMRC's steady·state finite difference model were analysed in 
terms of the penetration ratio, defined previously in this section by equation (32) 
(Reference 49) The controlling parameters were expressed as four non·dimensional 
ratios x, = M./Mp ,Xl =dm/de ,x) = v./Vp ,x4 = H/Dr The vertical thrust at the 
nozzle of the spray and plume were defined as, 
M, =V.,M .. sin' U./[2( I -cosU.)] (N) (33) 
and 
M, = 0 0733Q."'(H + I 020, - 0  083Q' 'r' - [ 1 + 0 026Q;'(H + 1 020, -0 083Q' 'f"] 
(N) (34) 
respectively In the above equations, V .. is the initial droplet velocity (m s·'), A1q is the 
mass flow rate of injected water (kg.$"\ (80) is the half·angie of the outer spray 
envelope close to the nozzle (0), H is the height of the sprinkler nozzle above the floor 
(m), Dr is the effective diameter of the heat release zone (m) and Q, Cc represent the 
total and convective rates of heat release (kW) respectively The drop-size parameter x: 
is the ratio of the measured mass-median drop diameter for the spray to the critical drop 
size at the nozzle whose downward motion is just arrested by the plume AJpert 
(Reference 51)  assumed a constant drag coefficient (equal to 0.5 for the Reynolds 
number range of interest) and derived the expression, 
de = 0.0406Q., l/l(H + 1 02D, - 0  08JQlI't1/1 (nun) 
for the critical drop diameter at the nozzle height In addition, the expression, 
d; = 0.13390."' (mm) 
(35) 
(36) 
was given for the critical drop size stopped by the plume at the height of the flame tip 
The effect of the thrust ratio on the penetration ratio, P., was discussed by AJpert, for 
thrust ratios below - 1, 0 < P. < 0 8 but for thrust ratios approaching unity, p. was seen 
to rapidly attain a values in excess of 0 9, indicating a delivery of more than ooe/a of the 
spray volume to the seat of the fire Three forms of correlation between p. and 
XI> X2,�,X4 were assessed; the best agreement was found using the rational polynomial 
(37) 
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because this expression tended to a limiting value of unity even for large values of the 
controlling non-dimensional parameters, Equation (37) was found to yield a satisfactory 
correlation of the data using only the ratios x, , x" x. as defined above and the results 
differed little from the correlation employing all four parameters, implying that X) was 
negligible Alpen discussed the possibility of a similar correlation describing the thermal 
energy absorption of the spray, since the numerical simulations were able to compute the 
heat energy absorbed either by evaporation or by an increase in the droplet temperature, 
A plot of the numerical results showed a gradual reduction in the 'thermal energy 
absorption ratio' of the spray with increasing value of thrust ratio M./ Mp , It was 
stated that this did not imply that the cooling effect of the spray was any less at high 
values of the thrust ratio, merely that the cooling mechanism was modified from a 
droplet heating/evaporation mechanism to one involving dilution through increased 
spray air entrainment . 
Yet another variant of the spray-plume interaction model has been described by Jackman 
and Nolan (Reference 52), This model (known as 'SPLASH') has been used to simulate 
the protection offered by water deluge systems to chemical plant installations subjected 
to external fire impingement. Output data include the total heat transfer from the fire 
gases to the spray, the complete physical and thermal drop histories throughout the 
spray and the changing propenies of the fire gases. The computer simulations reported 
in Reference 52 were conducted to investigate the effects of wind and elevated 
temperatures on the spray protection of an LPG tank, The degree of water coverage 
was found to diminish with both increasing fire gas temperature and external wind 
velocity, the results were also found to be in general agreement with experimental 
investigations of LPG tank protection, The mathematical formulation of the ' SPLASH' 
code is described in more detail in Reference 53, together with representative output 
data from 22 simulations of a sprinklered corridor fire, For each simulation the ultimate 
fate of 12044 individual drops was determined, enabling both the percentage of water 
evaporated and the percentage of water reaching the interface between hot and cold gas 
layers to be estimated, It was concluded that the SPLASH program was able to model 
the interaction processes relevant to the specification of active and passive fire 
protection and smoke ventilation design, 
Hoffmann and Galea also developed a two-phase fire-sprinkler interaction model which 
they compared with experimental data from a fire-sprinkler scenario (Reference 54), 
The predictions of time-dependent gas temperature were in reasonable agreement with 
experiment; however the efficiency of the computational algorithms and their 
implementation was poor. A total of 27 hours of CPU time were required to simulate 
the 1 75 seconds prior to sprinkler actuation while the subsequent 25 seconds required a 
further 63 hours, even though the computational grid was relatively coarse, It was 
envisaged that parallel computing techniques could provide a dramatic increase in 
calculation speed; early indications were that the 90 hour simulation described above 
could be reduced to - 7 hours by this method (Reference 54), In describing the 
mathematical basis for their model, Hoffinann and Galea (Reference 55) noted that in 
contrast to the compartment fire problem, the subject of fire suppression had received 
comparatively little attention from the modelling community and therefore remained in a 
relatively primitive state of development. These authors justified the development of fire 
suppression models in a similar manner to Alpen and Delichatsios (Reference 49) viz. 
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theoretical models of the fire-sprinkler interaction reduces the need for expensive large­
scale testing and allows the effect of system variations to be assessed more rapidly lhan 
is possible by testing alone HoffinaM and Galea (Reference 55) described in detail the 
fonnulation of their transient, three-dimensional model of the interaction between water 
droplets and the hot turbulent atmosphere in a fire compartment; the spray-flame and 
spray-fuel interactions were not considered and were seen as subjects for furure 
research. The results obtained from the model for two distinct test geometries. one of 
which was discussed briefly in Reference 54, are presented in greater depth in Reference 
56. It was concluded that although the technique was still in its 'early days', the model 
was capable of producing qualitatively correct simulations of the fire-sprinkler 
interaction Given the massive computational effon required to solve such problems, it 
was seen as essential that future implementations of such models should run on parallel 
computers (as advocated in Reference 54) The authors also highlighted the urgent need 
for detail ed experimental data on fire-sprinkler interaction 10 be used for model 
verification 
Fthenakis et aJ (Reference 57) have also independently developed a computational 
model of water spray interaction with a gaseous plume, in the context of absorbing and 
dispersing an accidental release of toxic gas (hydrofluoric acid) in the atmosphere. 
Again the fundamental equations for momentum. mass and energy interchange betv:eeD 
the gas and liquid phases were solved, the solution domain was two-dimensional in this 
case and the effects of turbulence were also included through modified laminar flow 
equations. Despite the different practical application intended for the model, some 
points of general interest emerged which are of relevance to the present study 
In Section 5 2 I it was noted that the penetration of a spray is greater than for a single 
droplet under the same conditions Fthenakis el aJ considered the influence of the water 
droplets in two flow regions' a dense spray region close 10 the nozzle and funher away 
from the noule where the droplet trajectories could be considered separate (sparse 
spray region). The dense spray region was defined as occurring where the drops 
occupied a significant fraction, ;, of Ihe volume of the gas-phase (e.g. ; > 0 OS) and 
droplet trajectories were closely spaced In this region, the expression, 
(38) 
was adopted to relate the drop drag coefficient (CD) 10 the single drop drag coefficient 
(Cos). Previous research on the sparse sprays had showed that for sprays consisting of 
300 J.Un drops, the maximum expected decrease in CD would be - 30C'1o; Fthenakis et oJ. 
adopted a reduction in Co of 15% for their sprays (consisting mostly of droplets in the 
100-200 J.l.m range) The ability of the model to predict air entrainment into the spray 
was also discussed in Reference 57, in order to produce an acceptable level of agreement 
between the model and experimental data it was necessary to adjust two of the 
'constants' in the turbulence model This highlights a perennial problem associated with 
such sophisticated modelling techniques' they lack true generality in their use and often 
recpre to be 'tweaked', 'tuned' or otherwise calibrated for a particular problem with 
iiiaeoce to empirical data (ideally gleaned from large-scale experiments of the type they 
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are supposed to replace) The optimum representation of the drop size distribution of 
the spray was examined during sensitivity studies. It was found that for the nozzles 
being modelled (which produced droplets in the range 50-700 ).Lm), input data based on 
only five representative drop sizes were sufficient to produce solutions which were 
insensitive to this parameter. Using a single mean size rather than a size distribution 
resulted in deviations in the range of 2-5% The effectiveness of the water spray to 
remove hydrofluoric acid from the atmosphere was found to increase with increasing 
water flow rate and decreasing drop size; these trends were confirmed by large-scale 
experiments. 
From the foregoing it is clear that there is a continuing interest in the interaction of 
water sprays with fires, although the main emphasis has to date been on the momentum, 
mass and energy exchanges between the liquid and gas phases. The current state-of-the­
art is not mature enough to include the effects of direct flame cooling and water 
impingement onto burning fuels; hence a generalised fire suppression model is still 
remote. Moreover, the modelling philosophy appears to be divided into two camps: 
those who look to fundamental models as the way forward and those who aim to use the 
best available models in conjunction with experimental data to produce robust, simplified 
engineering correlations which may be used for design purposes. The subject of spray­
fire interaction is addressed again in Sections 6 and 7 of the present report. 
5.3 Ability to cool 
5.3,1 General 
It is impossible to say when water was first knowingly used to extinguish fire, since the 
origins of fire-fighting are inextricably linked with the primeval discovery of fire itself. 
However, in more recent times the effectiveness of water against various fire types has 
been well documented and subjected to much scientific analysis. As a result, various 
extinguishing mechanisms have been proposed and Section 3 of this report identified 
fuel cooling, flame cooling and inerting as the modes most relevant to Class 'A' fires. 
In discussing the action of water mists, Mawhinney (Reference 24) added the blocking 
of radiant heat, which aids fire suppression by reducing the thermal energy feedback to 
unbumed fuel surfaces. A more quantitative discussion of these extinction mechanisms 
is given in Section 6. 1 .  The present discussion considers the various routes by which 
water droplets may extract heat from their surroundings and the relative effectiveness of 
these heat lrallsjer routes. 
The principal action of liquid extinguishing agents identified by Fristrom (Reference 9) 
was the extraction of heat from the fire through the latent heat of vapourisation and heat 
capacity. Water was described as: U • • •  a uniquely suitable liquid, being stable, non­
combustible, non-toxic and having a very high heat of vapourisation." The specific heat 
capacity of water at constant pressure (c) is the amount of energy required to raise I kg 
of liquid by I °C, while the specific latent heat of vapourisation ( Lv ) is the amount of 
energy required to convert I kg of liquid water at 100 °C to steam without a change in 
temperature. At 20 °C and atmospheric pressure, c ; 4 . 182 kJ.kg·'. K-' and at 100 °C 
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and the same pressure, Lv= 2257 kJ kg-' (Reference 58) Water in its vapour form can 
also absorb heat, as super-heated steam, with a corresponding specific heat capacity 
which tcnds to increase with ambient temperaturel Figure 18 illustrates the quantity of 
thenna] energy which can be absorbed by 1 kg (- I litre) of water as it is heated from 
solid phase (ice) to super-heated steam In this diagram the specific latent heat of 
melting is taken to be -333 kJ.kg"' at 0 QC (Reference 58) and a representative constant 
specific heat capacity for water vapour (at 1150 K) is taken as 2 4 Id kg-' K' (Reference 
45) Two important temperatures are shown as dashed lines on Figure 18 a notional 
upper limit of 1 100 QC for the mean temperature associated with typical compartment 
fires and a "representative flame temperature" of 1500 K (Reference 45) The 
implications of Figure 18 are discussed in greater depth in Section 6,1, 
Herterich (Reference 10) considered the thermal characteristics of water and found that 
with the exception of helium and hydrogen, water possesses the greatest specific heat 
capacity of all naturally-occurring substances and has the greatest latent heat of 
vapourisation of all liquids Coleman (Reference 59) compared the cooling effects of 
water and carbon dioxide and found that the former was some 6.5 times as effective as 
an equal mass of CO2, despite the very cold temperature of CO2 exiting from fire 
extinguishers (up to 45% of the discharge at - -78,8 0c). The apparent anomaly was 
explained by the fact that the agent temperature is of secondary importance in cooling; 
water has specific and latent heat values of 5,3 and 3.9 times those of CO2, respectively 
From the above it is apparent that water is potentially a very powerful extinguishing 
agent, capable of absorbing vast amounts of heat from fires and providing a means for 
rapid fire suppression and extinguishment However, in order to realise this great 
potential, heat must be efficiently transferred from fire and its environs to the water 
applied during fire-fighting; this goal forms a recurrent theme in the remainder of this 
report. 
5.3.2 Heat transfer from hot gases to water droplets 
In a recent appraisal of fire suppression by water mist, Ramsden (Reference 23) 
observed that the major coo ling effect of water was due to its high latent heat of 
vapourisation. This may be illustrated with reference to Figure 18; it can be seen that 
418 kJ of thermal energy are required to heat one litre of water from 0-100 °C, whereas 
a further 2257 kJ are subsequently required to convert this volume of water to water 
vapour (without further change in temperature) Moreover, since evaporation can only 
occur at the surface of a liquid, the greater the surface area achieved by a given volume 
of liquid, the greater wil l  be its cooling ability; the production of sprays with large 
surface areas was discussed in Section 5 I 3 
The evaporation of drops within a spray involves simultaneous heat and mass transfer 
processes in which the heat for evaporation is transferred to the drop surface by 
conduction and convection from the surrounding hot gas, and vapour is transferred by 
)Howe\'er, steam at tc"'ICratum abo\'e 100 GC is stable only at preuures in excess of normal 
81""""."nc Ic\-els, beDc:e any additional heat capacil)' caMO( be realised dunng typical firefightin& 
--
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convection and diffusion back into the gas stream (Reference 14). Herterich (Reference 
10) noted that the rate of vapourisation (or evaporation) of a droplet depended upon its 
surface area, the characteristic heat transfer number ( a) and the relative velocity 
between the droplet and the surrounding gas. 
For a spherical droplet in a quiescent atmosphere, the heat transfer number may be 
written, 
a = constant x !:... (W.m"2KI) 
d 
(39) 
where k is the thermal conductivity of the surrounding gas (W.m"I KI) and d is the 
droplet diameter (m). This model of droplet heat transfer was employed as a simplifying 
assumption in Grin and Sergeev's model of explosion suppression by water sprays 
(Reference 60); the results obtained using this model are discussed further in Section 
5.4. 
As Herterich remarked however, in practical fire-fighting operations it cannot be 
assumed that the relative velocity between spray droplets and the surrounding air is zero, 
and more elaborate versions of the above equation are required to describe the heat 
transfer process. The measurement of droplet evaporation in moving airstreams has 
been studied using diverse and often ingenious techniques (e.g. References 61,  62). The 
resulting data are conventionally correlated using well-known non-dimensional heat 
transfer and fluid flow parameters: 
ad 
Nu = (Nusselt number) 
k 
v 
Sc = - (Schmidt number) 
D 







Pe = Re· Pr = - (peciet number) K 
(40) 




where a,d ,k,  v, 1'/ have been defined previously and c is the specific heat capacity of air 
at constant pressure (J.kg"I KI). In addition, the symbols D and K represent the mass 
diffusivity of water vapour in air (m'- s"l) and the thermal diffusivity of air (m>' s"l) 
respectively; the latter is defined by the expression, 




again using the above symbol definitions. 
Herterich (Reference 10) described the early work by Ranz and Marshall (Reference 61), 
who performed experiments on droplet evaporation in air at temperatures up to 220 DC, 
using drop diameters in the range 0.6·1.0 mm and at 0 s; Re s; 200. The expression, 
Nu = 2 +0.6 PrV1 Rel.r2 (46) 
was found to correlate the experimental data well and also satisfied the theoretical 
requirement that Nu = 2 at Re = 0 (the zero relative velocity case); the range of validity 
has been given as 1 < Re < 70 x I if and 0.6 < Pr < 400 (Reference 61) Kincaid and 
Longley (Reference 62) used the above correlation to develop a theoretical model of 
spray evaporation in agricultural sprinkler irrigation The droplet temperature was 
calculated as a function of time for a range of droplet sizes, velocities and initial 
temperature at ejection. It was found that the droplet size had a large effect on the rate 
of temperature change whereas the droplet velocity had a relatively minor effect. The 
model was also used to calculate the rate of droplet evaporation in terms of percentage 
mass 1055 per second. Here it was found that higher temperatures and lower relative 
humidity resulted in the greatest evaporation rates; conversely, lower temperatures and 
higher values of relative humidity tended to slow down the rate of evaporation. Droplet 
velocities were in the range 0·10 m.s'l and droplet diameters were between 0.3·2 mm. 
The range of ambient temperatures of agricultural interest was - 0-40 DC, much lower 
than in fire·fighting operations 
Using the model, Kincaid and Longley were able to determine that if the initial droplet 
temperature was not equal to the ambient wet·bulb temperature, then it could take some 
8 seconds before this temperature was reached; during this stage heat is transferred by a 
combination of sensible and latent heat. Once the droplet attains the wet-bulb 
temperature however, all subsequent heat received by the droplet is dissipated as latent 
heat lost in the evaporation process; that is, the latent heat lost is exactly balanced by the 
sensible heat input to the droplet from the air. From an agriCUltural standpoint, since 
typical droplet flight times were of the order of 1·2 s, it was deemed unlikely that any 
but the smallest droplets would attain the wet·bulb temperature before reaching the 
ground. In the case of sprays used for fire·fighting, efficient droplet evaporation is 
required and the results of Reference 62 also show that reducing the droplet diameter 
reduces the time taken to reach the wet·bulb temperature; for droplets less than -550 
microns it is reasonable to assume that the time taken for this state to be reached is 
negligible. 
Rasbash (Reference 44) discussed the limitations of equation (46) when applied to the 
evaporation of drops immersed in gaseous atmospheres at elevated temperatures (i.e. 
above the 220 DC maximum employed by Ranz and Marshall). It was found that, for 
droplets evaporating within Bunsen burner flames, the measured evaporation times were 
consistently 60'% greater than predicted by equation (46). The discrepancy was 
attributed to the insulating effect of the water vapour as it passed through the boundary 
layer surrounding the drop, tending to reduce the rate at which heat was transferred to 
the surface of the drop AJthough the thermal conductivity of air and steam is similar at 
100 DC (- 0 028 W m'l K'I), the specific heat capacity of steam is twice as high (Cp -
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2000 J. kg"I .KI, Reference 58) which would be consistent with the observed insulating 
effect. Rasbash proposed an alternative expression, 
A' 
Nu = [2 + 0.6PrI/3 ReV' ] A' + 0. 4/3 (47) 
to take account of this effect, where A' is the total heat of vapourisation of the drops 
and /3 is the increase in enthalpy of the steam when raised from the surface temperature 
of the drop to the temperature of the flame. 
Herterich reported an alternative "corrected" form of equation (46), 
(48) 
which was derived in order to explain observed rates of heat transfer to droplets in 
excess of those predicted by equation (46) and where values of k, Re and Pr are 
calculated using the average physical properties of the air and the steam layer around the 
droplet. It should be noted however that this "correction" to equation (46) is in the 
opposite direction to that proposed by Rasbash, where reduced rather than enhanced 
experimental heat transfer rates were reported (Reference 44). It has not been possible 
to investigate this discrepancy within the timescale of the present project. Equation (48) 
was recently employed by GUttler (Reference 40) to estimate the total quantity of heat 
transmitted to high- and low-pressure monodisperse water sprays (Section 5 . 1 .3) using 
the expression, 
(49) 
where a is the heat transfer number for an individual droplet, as discussed above and 0 
is the total surface area of the spray per unit volume of water (m2.m-3 or m-I). GUttler's 
calculations were somewhat simplistic and used equation (27) to calculate a 
representative drop size from the notional discharge velocities of fire-fighting sprays. 
This expression yields predictions of droplet diameters which are inversely proportional 
to the square of the initial spray velocity; hence higher pressure sprays are predicted to 
produce ever smaller droplet sizes. Despite the rather approximate nature of GUttler's 
subsequent methodology, equation (49) remains a useful way to express the cooling 
capacity of water sprays. The application of this expression to practical polydisperse 
spays, however, requires a detailed knowledge of the drop size distribution in order to 
calculate 0, the spray area per unit volume. The practical situation is complicated 
further since the droplet diameter and velocity will both reduce with time and temporal 
variations have been ignored in the discussion thus far. 
Rasbash (Reference 44) employed the modified Ranz and Marshal! equation (47) to 
estimate the heat transfer between flames of freely-burning hydrocarbon fires and water 
sprays. Using this expression, Rasbash produced a plot of convective heat transfer rate 
(in cal.cm-'- s-I) against drop velocity (cm.s-I) for drop sizes ranging from SO microns to 
2 mm, and assuming a flame temperature of 1000 ·C. In general, higher droplet 
velocities and smaller droplet diameters were found to increase the heat transfer rates. 
S I  
For example, a 2mm drop aI \1 - 0 07 m Si (terminal velOCity in still air) produced a heat 
transfer rate of -167 kW mol while the same drop travelling It 2 m ,I achieved a value of 
- 29) kW mol For a 50 micron drop al velocities of 0 01 m Si and 0 5  m"sl the 
corresponding heat transfer flies were -I 7 MW mol and 2 5  MW mol respectively 
CUl'"Ves representing these calculations for intermediate droplet sizes were also given in 
Reference 44 The model described by Rasbash also included the temporal variations in 
droplet velocity and diameter and was able to estimate the penetration distance of 
droplets into the flame prior to evaporation (see Section 5 I) The heat transfer from a 
unit volume of flame was defined as the product of the total surface area of the drops 
present, the heat transfer coefficient and the temperature difference between the drop 
surface and the flame lfthe mass flux of the spray entering the flame is m;(kg mol so'). 
consisting of drops of diameter d (m) travelling at V4 (m Si) then the total mass of drops 
per unit volume is given by md/vd From equations ( 1 1 )  and (13), the total surface area 
of these drops is, 
(50) 
which can be compared with equation (49) and where p. is the density of water 
Rasbash (Reference 44) used this expression to define a "heat transfer capacity" for the 
spray, 
(51) 
where a is the heat transfer number for a drop and ilT is the temperature differential 
described above; this is equivalent to W" ilT in Giittler's tenninology (Reference 40) 
Rasbash constructed a parametric plot of the function 6aliT/p..,dv4 against V4 for a range 
of d; these theoretical data were used in conjunction with empirical drop size distribution and mass flux data (from an impinging jet spray) to demonstrate the utility of the 
method The calculation of the initial heat transfer capacity of the spray on contact with 
the flame was quite straightforward, the corresponding calculations as the spray 
progressively penetrated into the flame proved more laborious The laner involved the 
calculation of updated drop size and drop velocity distributions based on the time­
dependent equations also presented in Reference 44 The example calculation presented 
by Rasbash confirmed that drops of larger initial size were able to penetrate further into 
the flame before complete evaporation occurred The calculation also highlighted the 
steady decay in the heat transfer capacity (X) with increasing spray penetration It was 
found that X was not reduced to less than 500/. of its irutial value until the spray had 
penetrated to more than 0 2 m into the flame, despite the early evaporation of the fine 
droplets which formed the bulk of the initial heat transfer capacity of the spray This 
relatively slow spatial decay of X was thought to be due to the deceleration of the 
coancr dropLets over a similar distance, becoming more concentrated in space and 
therefore abstracting a greater amount of heat per unit volume of the flame than was 
pouibJe initially The use of Rasbash's model in predicting the conditions for flame e\linauiahrnem is considered limber in Section 6 I 4 
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A more recent implementation of this type of model has been reported by Jackman and 
olan (Reference 52), in the context of modelling the fire protection by water deluge of 
chemical storage vessels This mathematical model is able to examine the detailed heat 
and mass transfer interactions using a three-dimensional particle-tracking algorithm, and 
has been applied to investigations of sprinkler systems and water mist protection. 
Output data from the program include the total heat transfer from the fire gases to the 
spray and thermal and physical histories of the drops within the spray Input data 
include details of the hot gas layer and empirical drop size data from a range of 
commercial sprinklers and water mist nozzles The main advance in such recent 
computational models is that individual droplet behaviour may be studied within an 
overall simulation of spray/fire interaction The basic equations of heat and mass 
transfer are generally similar to those employed in older models, indeed Ranz and 
Marshall 's equation (46) is incorporated in the SPLASH computer model 
During the course of the present survey a number of other papers concerning aspects of 
droplet evaporation were also obtained (60-63). Kucherov (Reference 63) presented a 
detailed mathematical description of droplet evaporation occurring in each of four 
"evaporation regimes" These were, in order of increasing rate of heat transfer· the 
diffusion regime, the diffusional-convective regime, the subsonic regime, the sonic 
regime and the explosive regime The paper included example calculations of drop 
temperature and radius for all five evaporation regimes; however the theory presented 
was only valid for very small droplets, currently of little interest in fire-fighting (d - 1 - 10  
J.Ull) Ferron and Soderholm (Reference 64) estimated the evaporation of pure water 
droplets and the stabilisation times of particles containing salt. The life times of pure 
water droplets in air at 20 ·C and various values of relative humidity were described; 
however the droplet size were again of the order of - 10 I1m as the study was concerned 
with the aerosols produced by nebulisers for medical applications. 
Sadd et 01 (Reference 65) described the results of an experimental investigation of the 
evaporation of water droplets doped with various soluble surfactants; the ultimate 
objective was to model the evaporation of aerosols contaminated with soluble, involatile 
surfactants. The experiments involved droplets of initial size - 1200 I1m whose 
evaporation could be observed with a micrometer microscope to an accuracy of - 4 I1m. 
The experiments were conducted over a temperature range of 13-29 ·C and with relative 
humidities from 3-92%. The work confirmed previous findings that surfactants are 
capable of displaying very high mass transfer resistances but have no effect on heat 
transfer; the kinetics of evaporation were observed to foUow those of pure water initially 
but then displayed relatively abrupt transitions to lower evaporation rates. A study of a 
similar nature was reported by Rubel (Reference 66) who described a mathematical 
model for the steady-state temperature of an evaporating water droplet with a 
"monolayer coating". Rubel's paper confirms the dramatic effect which surfactants have 
on the evaporation rates of water droplets; again a sudden discontinuity in evaporation 
rate was observed, resulting in an increase of droplet temperature corresponding to a 
reduction in the rate of rejection of latent heat. A more critical appraisal of these 
theoretical treatments is outwith the scope of the present report, however this subject 
may be of interest in future research on fire suppression, particularly the impact of 
surfactants and other fire-fighting additives on the evaporation efficiency of water. In 
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the meantime, the best way forward is to examine the published results of various large­
scale fire suppression tests (see Section 7) 
5.3.) Heat transfer from solid surfaces to water droplets 
In addition to absorbing heat from the fire gases or flames, water from fire-fighting 
sprays may gain heat through contact with a range solid surfaces, including the buming 
(Class ' A ') fuel, unbumed fuel and various non-combustible surfaces (e.g. brick or metal 
structural elements) According to Bejan (Reference 58), four distinct regimes of boiling 
heat transfer can be identified for water at atmospheric pressure, depending upon the 
temperature of the solid surface with which it is in contact In order of increasing excess 
surface temperature, these are Mtural convectIon bollmg, nucleate bodmg, tralJsltlo" 
bollmg and film bodmg The excess surface temperature is defined as the surface 
temperature minus the saturatIon temperature of liquid, and the latter is the temperature 
of the liquid-vapour interface at the local pressure Since the objective in fire 
suppression is to continually reduce surface temperatures rather than increase them. it is 
logical to discuss these heat transfer mechanisms in reverse order 
According to Reference 58, film boiling of water occurs at surface excess temperarures 
greater than about 200 °C and is so-called because a continuous layer (or film) of water 
vapour is formed between the solid surface and the liquid water Much of the literature 
relating to boiling heat transfer has its origins in the metallurgical processing industry 
where spray coo ling is used extensively in the continuous casting of metals (References 
67-72) Reiners et al. (Reference 67) reported a method for estimating the heat transfer 
coefficient penaining to the "secondary coo ling zone" (I.e. water spray cooling) of a 
steel casting process The surface temperatures associated with this cooling zone were 
in the range 1400-800 °C and corresponded to the stable film boiling regime It was 
found that the heat transfer coefficient remained constant (a - 140 W mol K-1) over the 
surface ttmpeT3ture range investigated (- 830-950 0c), although locally high values of 
a (- 2800 W.m-l_KI) were recorded when water-air nou.les were operated at high 
throughputs 
Ito et al (Reference 68) performed an analytical study of the spray cooling of a hot 
surface and the associated film boiling heat transfer; these workers defined 'spray 
cooling' in the process industry as that originating from a single fluid nozzle, while mist 
(or fog) cooling was obtained by the use of twin-fluid nou.les where the mass flux of 
water was generally lower The behaviour of spray droplets impinging onto horizontal 
heated surfaces was characterised in terms of the non-dimensional Weber lJumber, 
(52) 
which represents the ratio of the inertial force to the surface tension force It was stated 
that for We S 30, a droplet will immediately rebound from the heated surface without 
disintegrating. Droplets in the range )OsWes80 tend to spread radially over the 
surface, forming a thin vapour layer on the underside, before contacting with the hot 
twface and finally rebounding However, for values of We � 80, an impinging droplet 
fon:nt a thin spreading liquid film upon coUision and subsequently disintegrates into 
emaUer droplets The model developed by Ito et al included heat transfer by radiation, 
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convection and evaporation and took account of the transient reduction in droplet 
diameter. The model was compared with some empirical data obtained from 
experiments with various water spray nozzles operating at discharge rates in the range 
0.03-0. 1 7  I.m-2.s-' and with volume mean drop diameters in the range - 130-550 
microns; these experiments yielded total heat transfer rates in the film boiling regime of 
between - 2.5 x 10'- 1 . 5  x 10' W.m-2 at surface excess temperatures of - 1 50-500 ·C. It 
was found that the analytical model gave predictions in good agreement with these data 
for drops of this size, with 1 0  � We � 120, and impinging on heated surfaces with a 
temperature excess less than 500 K.  Ohnishi et 01. (Reference 69) described the 
perfonnance of an experimental multi-nozzle spray apparatus designed to optimise the 
cooling of a steel specimen of dimensions 265 x 265 x 3 mm thick. The nozzle 
separation from the surface was varied from 50- 1 50 mm and the water discharge flux 
was much higher than that reported in Reference 68, at between 1 000-7000 I.m-2.min-' 
( J 7- 1 1 7 I .m-2.s-'); water and specimen temperatures were in the range 7-30 ·C and 500-
800 ·C respectively. Two correlations were determined for the variation of heat transfer 
coefficient with water flux, 
a ex: W,,0.51 (53) 
and 
a ex: W,,0.663 (54) 
where W" is the water flux; equations (53) and (54) were found to apply for W" > 3000 
I . m-2.min-' and W" < 2000 I .m-2.min-' respectively. Irrespective of the applied water 
flux, it was found that the magnitude of a was inversely proportional to the specimen 
temperature; for a given value of the latter, higher values of a were obtained at higher 
W" . For W" - 1 000 I .m-2.min-', surface temperatures of 800 ·C and 500 ·C yielded 
values for a of - 1 600 W.m-2 K' and - 4600 W.m-2.K' respectively. At W" - 5000 
I . m-2.min-' (83 I .m-2.s-') and the same surface temperatures, the corresponding a values 
were - 3000 W.m-2.K' and - 1 0000 W.m-2.K', respectively. 
The advantages of using a fine water mist jet for cooling steel castings are discussed in 
Reference 70; these include a more unifonn cooling action which reduces the risk of 
thennal shock and subsequent cracking of the steel. The "cooling capacity" of the mist 
jet was assessed by its ability to safely harden a crack-sensitive steel and no 
measurements of heat transfer coefficients were reported. 
The application of twin-fluid water mist cooling in process metallurgy is discussed in 
greater depth in References 7 1  and 72. Prinz and Bamberger (Reference 7 1 )  made 
experimental temperature measurements of the surface temperatures of continuously 
cast copper and nickel samples subjected to cooling water spray densities of 0.34-2.72 
I. m-2.s-' and at air pressures between 2-4 bar (30-60 psig, 0.2-0.4 MPa); a bank of 48 
specially constructed 90· full cone air mist nozzles were supplied by Spraying Systems 
Gennany. Using the temperature data, the heat transfer coefficient was calculated, 
assuming that the overall heat loss was due to a combination of cooling mechanisms; 
these were identified as direct impingement of water on the surface, conduction through 
the vapour film, radiation and forced convection caused by the air in the two-phase mist. 
The experiments examined initial surface temperatures in the range 200-1000 ·C; in 
general for a given initial surface temperature, the heat transfer coefficient was fOIlne! to 
55 
be proportional to the delIVered water flux For a given water Dux, the heat transfer 
cot.fficient was found to decrease with Increasing initial surface temperalUte In the case 
of a nickel sample subjeeted to a spray of 0 68 I mol Si. a values of - 3600 W mol K-I 
and - 350 W mol K-I• were obtained for initial temperatures of 200 DC and 1000 DC 
respectively With an increased water flux 2 72 I m-2 Si, a values of - 10000 W m-2 K"I 
and - 1000 W mol K-I were measured al the same values of initial temperature, 
respectively The heat transfer characteristics of water mist cooling were correlated by 
the expression., 
(55) 
and compared with the corresponding correlation for waler spray cooling, obtained from 
a previous study. 
fi: [ (  )" ( 0 - 0 ) 1 a ... = 0 6910g .... )( J 4 lcp: e)(p 0 32 ' • + ay +arad 
0 0006 9t. - 9, (56) 
where a_. a ... are the heal transfer coefficient for air-mist and water spray respectively 
(W mol K"I) and are. arad , ay are the heat transfer coefficients for radiation plus forced 
convection., radiation only and film boiling (assumed to be 750 W mol K-I) The 
temperatures of the hot surface, the cooling water and the evaporation of water are 
represented by 9.,�, 9c eC) respectively and the water flux by V ...  (m' mol Si) The 
product Icp: represents the lhermal merria of the material being cooled A comparison 
of these two expressions for the same value of V"", showed that values of 0_ were 
considerably greater thana ...  for all values of 8. although the difference decreased with 
increasing 8. It was argued that this difference could be attributed to the effect of the 
high air pressure on the droplets, smaUer droplets moving with high momentum were 
better able to pass through the vapour barrier and reach the hot surface, thus increasing 
the rates of heat transfer The additional contribution of forced convection from the air 
supply was considered to play a relatively minor role At higher flow rates (above - ).-4 
J mol 51), there was no significant difference in the heat transfer coefficients predicted 
from equations (55) and (56) 
MitSUlsuka and Fukuda (Reference 72) also studied the cooling of hot steel (9, -150-
600 DC) by twin-fluid waler fog to ascertain whether the characteristically high values of 
a noted above were observed for lower levels of water flux The experiments 
considered water fluxes in the range 2 2-390 I mol min-I (- 0 04--6 5  1 mol S-I) and air or 
nitrogen flow rates from )4·160 m3 mol min-\ three nozzle variants were tested and 
separation of the nowe from the hOI surface was varied from 300-800 mm The 
cooling temperature history of the hot sample (oriented either horizontally or vertically) 
was melSured using thermocouples, and an effective heat transfer coefficient (including 
radiation) was calcu1ated from these data It was found that at low air velocities (VI < 5· 
10 m .-1), the air Bow only affected the Quality ofalornisation of the fog, at higher values 
of V. bowever. the air Bow was observed to influence both the atomisation and the 
reaaIwI: heM tru'lSfer In the low air Bow regime, it was found that the cooling capacity 
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of the fog was independent of the nozzle type and was a function of the water flux W" 
(I .m-2.min-') only The maximum and minimum values of heat transfer coefficient for the 
fog were found to lie in the temperature ranges 100-200 ·C and 500-700 ·C 
respectively. With W" = 20 I .m-2.min-' (0.33 I.m-2.s-'), the corresponding maximum and 
minimum values of a were - 2300-5800 W.m-2.K' and - 350-580 W.m-2.K' 
respectively. For W" less than 50 I .m-2.min-' (0.83 I.m-2.s-'), the cooling capacity of the 
fog was found to be virtually identical to that of a water spray discharging an equal 
water flux. The effect of surface roughness was also investigated and it was found that 
during the fog cooling of a steel plate covered by a scale deposit, the value of a 
increased in proportion to the quantity of scale for small W" and surface temperatures 
over - 200 .c. 
Ohkubo and Nishio (Reference 73) also examined the effects of surface roughness, or 
"wettability", on the heat transfer characteristics of mist cooling in steel production. 
Observations of the behaviour of droplets in contact with the hot steel surface were 
made by analysing video camera footage; in particular, estimates of the contact angle 
between the droplet and the surface were made to assess the wettability of the surface. 
The contact angle is the angle between the horizontal hot surface and the surface of the 
droplet where it meets the former, measured through the liquid; thus the more acute the 
angle, the greater is the wettability. The air-water mist was produced by a full-cone 
pneumatic atomising nozzle; the value of V. was 20 m.s-' (i.e. "high air flow" according 
to Reference 72) and W" was in the range 0.57-4.7 I .m-2.s-1 Aluminium test plates ( 1 5  
mm diameter x 2 mm thick) with a range of surface finishes (e.g. machine-finished, acid­
anodised etc.) were heated to 600 ·C and mist-cooled to room temperature. The rate of 
heat loss (W.m-2) was again inferred through the cooling temperature history but values 
of a were not calculated. At 8, above - 1 00 ·C, increased wettability was found to 
increase the minimum temperature associated with the onset of stable film boiling (also 
called the Leidenfrost temperature); in other words, the formation of a stable vapour 
layer on the surface was delayed with increasing wettability. Previous studies had shown 
a similar effect for steel coated with a thick oxide layer, which increased both the surface 
roughness and the wettability. Mitsutsuka and Fukuda (Reference 72) suggested that 
droplets could be trapped in areas of increased surface roughness where local heat 
transfer rates were high and violent evaporation was likely. 
As discussed previously, when a hot surface (8, - 300+ .C) is cooled by water, the 
initial cooling regime is known as stable film boiling, where an uninterrupted film of 
steam is generated between the solid and liquid phases. Heat continues to be lost from 
the surface, with a gradual reduction in heat flux until at some point the Leidenfrost 
temperature is reached, whereupon the steam film collapses, causing a sudden increase 
in the heat flux leaving the surface, accompanied by a sharp rise in the heat transfer 
coefficient (Reference 67). For water at I atmosphere, Bejan (Reference 58) estimated 
the Leidenfrost point to occur at an excess temperature of between 100-200 ·C and a 
regime of partial film boiling (also called transition boiling) to exist in the range - 30 ·C 
< 8, < 200 ·C . Reiners et al. (Reference 67) have reported a fairly constant a - 500 
W.m-2.K' during the stable film evaporation regime, rising to - 8000 W.m-2.K' at the 
lower end of the transition boiling regime (- 100+ .C); the Leidenfrost point in this 
example was given as - 350 ·C. 
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Malano and Michiyoshi (Reference 74) studied the behaVIour of water droplets 
impacting on heated plates made of various metals, droplet sizes ranged from 2 54-4 5 
mm with initial plale temperatures from 100-360 °C Droplets were filmed using lugh­
speed photography in order to detemune the 'M,'Oltmg �rlod and the contact �rlod, the 
former was defined as Ihe time delay between first contact of the droplet and the 
milialion of bubbling whil e the laner corresponded 10 the time between first contact and 
the point where the droplet bounces or floats on a vapour (steam) layer For a stainless 
steel plate and droplet diameter of 3 29 mm, il was found that the contact period 
decreased wilh increasing surface temperature, typical values were - I s al 150 °C 
decreasing to - 0 02 s at 8, - 300+ °C For the same conditions a minimum evaporation 
time of - 0 I s was observed al 8. - 200 °C Some estimates of heat transfer rate 
during the contact period were also made and it was suggested that values up to, or 
exceeding - 101 W m-2 could be anlined 
Makino and Michiyoshi (Reference 75) extended their initial work by proposing a 
transient model of droplet heat transfer applicable to metal plates at initial temperarures 
ranging from 20-140 °C, the upper temperature limit was assumed to correspond to the 
Leidenfrost point The theory was shown 10 be in good agreement with previous 
experimental data (e.g. Reference 74) Rymlciewicz and Zapalowicz (Reference 76) 
discussed the regimes of droplet evaporation on a heated surface and classified the 
behaviour of an impacting droplet in terms of three fundamental parameters initial 
surface temperature, droplet diameter and droplet velocity The initial surface 
temperatures of interest were much less than the lower limit of the transition boiling 
phase and were therefore weU below the upper limit of nucleQte bollmg (Reference 5S), 
the evaporation process was described with reference to the changing geometry of a 
single droplet (The nucleate boiling regime is characterised by the generation of water 
vapour at a number of discrete locations on the solid-liquid interface, leading to the 
production of isolated bubbles which rise through the liquid phase and escape at the 
liquid-gas interface ) 
Several papers have been published where the intention was to apply the above concepts 
to the problem of fire suppression of solid fuels (References 77-SI) Trehan and Evans 
(Reference 77) noted that the solid fuels of interest in fire research were of low thermal 
conductivity and diffusivity (e.g. wood, cloth etc ) The application of water on such 
surfaces produces intense local cooling since heat conduction from adjacent areas of the 
solid is relatively slow Consequently, it was suggested that the heat transfer in these 
cases was by droplet evaporation rather than by nucleate boiling or film boiling Despite 
this observation. the initial investigations were perfonned using a heated aluminium 
(high thermal conductivity) block. The choice of material was motivated by the 
availability of published literature, such as reviewed above, and to reduce the complexity 
of the experimental procedure 
A comprehensive review of research on drop."nse evaporallVl! cooImg conducted over 
the last decade has recently been published by di Marzo (Reference SI), the applications 
relevant to fire suppression were discussed with reference to the 'sparse spray cooling' 
of hot surfaces The heat transfer regime of interest was identified as that associated 
with relatively low surface temperatures where nucleate boiling at the liquid-solid 
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interface is suppressed and evaporation at the liquid-vapour interface is the governing 
mechanism (as in Reference 76). The development of the sparse spray model was based 
initially on a simple one-dimensional model of heat conduction in a single droplet of 
liquid resting on a hot solid surface of high thermal conductivity (Reference 80); in this 
case the temperature of the solid-liquid interface may be assumed constant and uniform. 
Validation of the model was achieved by comparing calculated droplet evaporation times 
with those measured by experiment; these values were found to agree to within 10%. 
The heat flux distribution due to droplet evaporation was subsequently used as a 
boundary condition for the calculation of the transient cooling of the solid surface. 
Having confirmed the suitability of the simple conduction model for high thermal 
conductivity solids, the analysis was extended to the case of low thermal conductivity 
solids, known to be more representative of the fire suppression problem. 
The transient evaporative cooling of a hot, low thermal conductivity solid was examined 
experimentally using a non-intrusive infrared thermographic technique; the material 
selected was Macor, a glass-like substance with a high emissivity. Initial surface 
temperatures were in the range 90-1 80 °C and water droplet volumes varied from 10-50 
�l (- 2.7-4.6 mm diameter). The experimental data showed an intense local cooling 
effect, at first contact with the surface, which extended radially from the centre of the 
droplet and decayed with time until the surface regained its initial temperature. This 
behaviour is in marked contrast to the case of a high thermal conductivity solid where 
the surface temperature remains constant and therefore required a modifications to the 
theoretical model in order to couple the behaviour of the solid and liquid phases. The 
new model was found to produce reasonable predictions for the transient surface 
temperature in the vicinity of a water droplet using the one-dimensional droplet heat 
conduction model. 
The single droplet experiment was then further modified so that the source of heat was 
more akin to that in real fires, i.e. radiant heat received from above the solid surface; to 
this end, two conical radiant heaters were positioned symmetrically above the test 
surface. In this case radiant heat is received by the droplet at the liquid-vapour interface 
in addition to conducted heat at the liquid-solid interface; also the temperature in the 
solid decreases with depth, which is the reverse of the initial experiment where heat was 
supplied from below the solid by conduction. One effect of the new configuration was 
found to be a reduction in the surface tension of the droplet surface due to heat gained 
by radiation; this resulted in a more pronounced initial spreading of the droplet, i.e. an 
increase in 'wettability'. Another important difference is due to the reversal of the 
internal vertical temperature gradient within the solid and the reaction of the heat flux 
distribution to the deposition of a cool droplet on the upper surface. In the case where 
the solid is heated purely by conduction from below, the local cooling effect of the 
droplet results in a distortion of the isotherms leading to a convergence of the heat flux 
lines towards the droplet (Figure 19(a» . In contrast, when the maximum temperature is 
at the surface of the solid (due to radiative heating), the local cooling of the surface 
results in a divergence of the heat flux lines away from the droplet (Figure 19(b» . 
It was concluded by di Marzo (Reference 8 1)  that the contribution by conduction to 
droplet evaporation was much less for radiant heating than by conduction; the overall 
droplet vapourisation times were similar, but were achieved by a substantially different 
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mechanism. In order to incorporate these complex radiative effects into the theoretical 
model, a number of simplifying assumptions were made and these are described in 
Reference 81 .  Two versions of the complete model were developed, which differed only 
in their treatment of heat conduction within the liquid layer; each code included the 
effects of radiation and transient changes in the droplet geometry due to shrinkage of the 
wetted surface Again the model was found to be in good agreement with the 
experimental measurements for this heating configuration. 
Using the highly complex single droplet model, it was possible to simulate the cooling 
effect of a sparse spray by super-posing the effects of many individual droplets In order 
to validate such calculations a further series of experiments were conducted where a 
monodisperse sparse spray (d - 2.7 mm) was directed at the solid Macor surface 
(exposed to radiant heating) and the transient thmnal response was monitored. The 
duration of each experiment was approximately 15  minutes and the thermal and spatial 
resolutions obtained were reported as 0.77 °C and 70 microns respectively; the 
application rate of water was varied from 0 5-0.97 g.m,2.s·\ (- 0.0005-0 001 I.m'2.s'!) 
and the initial temperature of the solid surface was between 131-162 QC. The results 
from the various experiments were normalised by plotting the parameter 
(T - T.)/( T" - T.) as a function of time, where T is the instantaneous mean temperature 
of the surface, To is the initial temperature and T. is the final long-term mean 
temperature predicted by the model. The data were found to coUapse onto a general 
exponential decay curve such that the surface cooling effect was independent of the 
water flux applied. 
It was concluded that the thermal properties of the solid material played a far more 
significant role in determining the cooling history. It was further suggested that the 
overaU response of solid surfaces to spray cooling could be estimated from a knowledge 
of the thermaJ diffusivity of the material (a = k/ pc) and the 'time constant'; the thermal 
penetration depth thus calculated (8) was indicative of the droplet radius of influence on 
the solid surface. This work is very relevant to the fire suppression problem, although 
the experimental waler fluxes were far lower than typical rates apptied to fires; for 
example Rasbash (Reference 43) found critical flow rates for the extinguishment of 
liquid pool fires to be in the range - 0.5-2.0 g.cm·2.min·! (- 0 08·0.30 I.m·2.s'!) Also, it 
was noted in Section 2. 1 . 1  that the surface temperatures of burning solids was of the 
order - 400-500 °C, which is considerably greater than the maximum surface 
temperature examined in Reference 81; di Matzo's experiments at the higher 
temperature indicated accelerated cooling due to nucleate boiling although this effect 
was omitted from the theoretical model. In practical situations where a char layer is 
formed, surfaces temperatures of - 1000 °C are possible and therefore there is scope to 
extend this type of model Should this area form the subject of future research, di 
Mano's (Reference 81) references provide a substantial bibliography. 
5.3.4 Attenuation Qfthennal radiation by water droplets 
Herterich (Reference 1O) wrote that the ability of water to absorb radiant heat was well 
known and had been applied in 6re-fighting for a long time; the technique had been 
routinely used to protect readily combustible materials from ignition and also to reduce 
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the effects of heat stress on fire-fighters. It was stated that a dense spray, comprising 
droplets of a small mean diameter would reflect a significant proportion of the incident 
thermal radiation. The absorption of radiant heat had been shown to increase with 
increasing water flow rate and with decreasing droplet diameter. The latter trend could 
not be relied upon indefinitely however, since smaller droplets evaporated at a faster 
rate. Rasbash (Reference 44) stated that heat transfer by radiation to the drops in fire­
fighting sprays depended mainly on the temperature and emissivity of the flame, since 
the drops were generally large enough to absorb most of the incident radiation., rather 
than reflect or scatter it. Given that the emissivity of a flame depended on its thickness, 
Rasbash estimated that a - I m thick flame would radiate as a black body; for a 
representative flame temperature of 1000 °C ( 1273 K), the corresponding heat transfer 
rate would be approximately I SO kW.m->' In comparison with the convective heat 
transfer rates calculated for water sprays (- 1 .7-2 .5  MW.m-2, Section 5 .3 .2), the 
radiative transfer is negligible and Rasbash concluded that it was reasonable to ignore 
the latter's contribution to flame extinguishment. 
More recently, a number of papers have been published which consider the interaction of 
thermal radiation with water sprays (References 82-86). Ravigururajan and Beltran 
(Reference 82) characterised the engineering aspects of water droplet attenuation of 
infrared radiation; the wavelengths of interest were in the range A - 0.6-25 Jlm. A 
simple mathematical model was formulated to calculate the 'attenuation factor' and 
transmissivity for a monodisperse spherical particle distribution (water spray) interposed 
between a hypothetical flame source at 1273 K and a 3 m square aluminium target; the 
model also included a routine for calculating the transient heat-up of the target body. 
The attenuation was calculated for several discrete wavelengths of infrared radiation 
over a range of droplet sizes from 2-20 Jlm in diameter and over path lengths of 1 . 5  and 
3 metres. The calculations also considered the effect of 'droplet loading' or mass 
concentration of the water spray on the transmission of radiation. It was found that the 
attenuation was strongly correlated with droplet radius; the peak attenuation was 
consistently achieved when the droplet radius was equal to the wavelength of the 
incident radiation. However for droplets of radius greater than 30 JlIn, it was found that 
a fairly constant, though reduced, attenuation factor was predicted which was 
independent of the wavelength. In addition., the dominant mode of attenuation was 
found to be by scattering of the radiation rather than by absorption. 
The 'porosity' of the spray was found to be critical in determining the associated 
transmissivity. For a given mass concentration, the number of droplets increases as the 
size decreases; hence a spray's transmissivity may be reduced by reducing its porosity 
through an increase in droplet concentration. An example calculation (for A = 2 Jlm) 
showed that monodisperse sprays with d = 2 Jlm and 10  Jlm exhibited very low 
transmissivities (T, - 0. 1 )  at low values of droplet loading « 10  g.m-3 or 0.01 I .m-3), 
whereas large droplets (d = 1000 Jlm) formed a permeable medium (T,. - 0.7) even at a 
much higher mass concentration (50 g.m-3 or 0.05 I. m-3); see Figure 20. It was 
concluded that the optimum spray comprised droplets of radius 2 Jlm and was efficient 
at blocking thermal radiation at very low mass concentrations; theoretically, larger sized 







Copalle el aJ (Reference 83) also devised a simple theoretical model of thermal 
radiation attenuation by water sprays in order to assess the effectiveness of water 
cunains for fire protection during major hydrocarbon fires Attenuation was assumed to 
be due to absorption and diffusion (scattering) by the water droplets and again it was 
noted that the latter would be the dominant mechanism Assuming a fire to be 
represented by a black body at - 1300 K (whose maximum emission wavelength, AInU -
I 93 ).Un). it was noted that 95% of the total energy is then radiated in the wavelength 
interval between I-I 0 �m. the model was therefore solved by integrating over tbis entire 
'thenna! spectrum' The attenuation factor was calculated for droplet diameters in the 
range 0 1-100 microns and for droplet loadings of I ,  to and 100 g.m-) The results of 
Ravigururajan and Beltran (Reference 82) were confirmed, I.e. the maximum blocking 
efficiency was afforded by drops whose diameter was of the order of the maximum 
emission wavelength of the source In general, for a given drop diameter beller 
attenuation was achieved with an increase in mass loading of the spray; for any given 
mass loading the 1 jJ.m was the most effective, followed by the 10 1J.m. 0.1 IJ.m and 100 
).1m sprays. Copalle et aJ also cautioned that the lOO g m" spray should be regarded as 
a practical upper limit of water loading, since above this level the water delivery would 
become more jet-like 
The paper by Buchlin and Pretrel (Reference 84) describes the development of a more 
complex mathematical model of radiation attenuation by water curtains where the spray 
was considered to be a semi-transparent two-phase medium capable of scattering, 
absorbing and emitting thennal radiation, the effects of convective heat and mass 
transfer and change of phase (steam production) were also to be included The various 
fundamental equations were described and it was asserted that the attenuation of thennal 
radiation was mainly controlled by the size and density of the droplets and the optical 
properties of the liquid A preliminary parametric study was presented which further 
reinforced the conclusions of References 82 and 83. Although still in the development 
stage at the time of publication, the potential of the final 'engineering code' was 
demonstrated by an example calculation of the temperature field within a water cunain 
o 4 m thick., characterised by a Rosin-Ramm1er mean droplet diameter of 85 jJ.IT1 and 
exposed to a black body heat source radiating at 650 K (A. .. x - 4 5 jJ.IT1) The results 
were presented as a two-dimensional thermal contour plot and it was concluded that the 
52% total attenuation was due mainly to absorption since the drops were not small 
enough to enhance the radiative backward scattering. An experimental facility, designed 
to provide validation data, was also briefly described 
Murrell et al. (Reference 85) described an experimental investigation of the radiation 
attenuation by four single-fluid water mist nozzles, three were of the full-cone type and 
one was of the bollow-cone design Prior to testing, each nozzle was subjected to a 
drop size distribution analysis using the Fire Research Station's 'Phase Doppler 
Anemometer' (POA) system (see also Section 5 5 12) The fairly simple experimental 
configuration comprised a 1 m square radiant panel (which approximated a black body 
source at 900 0c), together with a heat flux meter at 4 m distance fixed at the same 
height as the centre of the panel The mist nozzle under test was installed between these 
two points so as to ensure that no water reached either the radiant panel or the heat flux 
meter, in order to eliminate the possibility of heat transfer by impingement. During a 
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test each nozzle was operated at pressures from 1-8 bar (- 1 5- 120 psig) and the heat 
flux meter output was logged electronically. The four nozzles were categorised in terms 
of the flowrate (Iow-medium-high), droplet size (Iow-medium-high) and droplet velocity 
(Iow-medium-high) and graphs were presented showing the variation of % radiation 
attenuation versus operating pressure and water flowrate. For a given nozzle the 
radiation attenuation increased with increasing operating pressure and increasing water 
flowrate, an inter-comparison between nozzles proved very difficult although a tentative 
ranking order was suggested. It was also shown that attenuation increased with 
decreasing volume mean diameter (D.".). The most effective attenuation was 35%, 
achieved with a nozzle discharging 7.5 I min" and with D.". = 160 l-lm, designated a 
'high flowrate, large droplet size, high-velocity' spray. The most efficient nozzle, in 
terms of the highest attenuation per unit flow (- 1 5% at I I. min" and with D.". = 126 
l-lm), was classified as a low flowrate, low droplet size, low velocity spray. It was 
concluded that optimal performance in terms of radiation attenuation would be obtained 
from nozzles with high flowrate, low droplet size and low velocity; an example of this 
performance was given (- 3 1 %  attenuation at 3.25 I.min" and with D.". = 70 l-lm). 
Log (Reference 86) described a method for calculating the attenuation potential of a 
'real' (i.e. polydisperse) spray from a consideration of the idealised attenuation by 
monodisperse sprays of infrared wavelengths characteristic of luminous flames. Log 
argued that although radiant heat blocking had been suggested as an extinguishing 
mechanism relevant to water mists (Reference 24), in practice this suppression mode had 
been largely ignored in favour of convective heat absorption (flame cooling) and oxygen 
displacement (flame inerting). It was stressed that the continued development of a fire 
was linked with a critical level of radiant heat transfer from the flames to both burning 
and virgin fuel; therefore a reduction in the radiative flux from the flames to adjacent fuel 
surfaces would be expected to restrict the growth of a fire. Likewise, the blocking of 
cross-radiation between adjacent fuel elements burning at high temperatures would be 
expected to aid fire suppression. It was also noted that for some fuels, such as thermally 
thick slabs of wood, the existence of an external heat flux is essential for continued 
combustion given the internal conductive heat losses and the radiative losses associated 
with the high-temperature char layer. Log compared the attenuation potential of water 
sprays with that of water films of thickness between 0-2 mm for black body radiators at 
various temperatures. It was shown that a water film 0. 1 mm thick transmitted only 
1 5% of the incident heat flux whereas - 28% was passed when the same 'water load' 
was in the form of a 'Class 1 mist' (Reference 24), with Dv •• = 50 l-lm and Dv90 = 100 
l-lm. It was also suggested that a mist load of 1 00 g.m,3 with characteristics on the 
borderline between that of a 'Class I '  and 'Class 2' mist (Reference 24, Figure 10) could 
block - 60% of the radiation from a black body at 800 °C along a path length of 1 
metre. It was concluded that some high-momentum mists may achieve practical water 
loadings in excess of the 100 g.m,3 figure and therefore radiant heat blocking could 
become a viable extinguishing mechanism even with reduced path lengths of - 0.3 m or 
so. 
Reischl (Reference 87) discussed the radiation attenuation of fog streams in the context 
of the occupational health and safety of fire-fighters. It was noted that exposure to heat 
stress was often due to excessive levels of radiant heat, rather than the existence of high 
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local air temperatures and that a failure to distinguish between these two effects had led 
to 'misdirected efforts in heat stress control' In particular, Rtisch1 cited the 
development of excessively heavy insulative clothing which restricted natural ventilation 
and actually promOled the conditions leading to heat stress Given the widely­
acknowledged effectiveness of atmospheric water vapour in anenuating infrared 
radiation, it was argued that a quantitative study of 'fog stream shielding' would aid in 
the development of alternative approaches designed to minimise the exposure of fire­
fighters to heat stress 
A series of field tests was described in Reference 87, where the object was to evaluate 
the radiation-blocking potential of three nouJes used by the Fire Service in the US The 
test nomes included a I inch model plus two I � inch models, all operated at 7 bar (100 
psig) throughout the tests, but with different cone included angle settings, 30°, 600 and 
90° variants were employed for the I inch nouJe tests, while only the 60° and 90" 
panerns were used for the 1 Y.t inch nouJes. A liquid propane burner provided a 
constant high-intensity source of thermal radiation whose output was easily varied by 
adjusting the propane flow rate and the test nozzle was mounted horizontally at a 
distance of approximately 15  m from the flame. The nozzle support frame also carried a 
pressure gauge, water flowmeter and a radiometer mounted 450 mm above and 600 mm 
behind the nozzle tip, the radiometer position was chosen so as to correspond to the 
approximate location of a branch operator's head Having selected a particu1ar nozzle 
setting, the burner was ignited and allowed a pre.-burn period of 1 5  seconds, thereafter 
the heat flux was recorded for a 30 second period first in the absence of water and then 
in the presence of the fog stream Each series of measurements was repeated 3 times, 
resulting in a total of 138 data sets which were ploned as 'fog radiation' (u. fog­
attenuated heat flux level in W mol) against 'fire radiation' (I.e. heat flux level prior to 
water application, again in W m·2) for a given nozzle at each value of spray included 
angle 'Best-fit' straight lines were fitted to the data, with the most effective radiation 
anenuation being produced by the fog streams associated with the lines of least slope, 
where the numerica1 value of the slope corresponded to the ratio of 'fog radiation'l'fire 
radiation' 
For all 3 test nozzles, radiation attenuation was found to increase with increasing values 
of spray included angle, although in the case of the two I � inch models the difference in 
perfonnance between the 60° and 90" sprays was slight The advantage of the wider 
(90°) spray is that effective shielding may be provided for two or three fire·fighters while 
narrower cone angles can provide protection for the branch operator only. The 1 Yl inch 
nozzles were found to yield a much better blocking performance (slope values between 
_ 0 13-0 15) than the I inch unit (slope values between - 0 37-0 68), this was explained 
in terms of the increased flow rates of the fonner (- 85·95 g P m) compared with the 
laner (- 25 g p.m) at 7 bar and probable differences in the drop size distribution In all 
Clses the shielding characteristics were found to be well described by the linear 
correlation and consequently it was suggested that the nozzle performance 
characteristics could be extrapolated beyond the maximum (unshielded) radiation 
intensity obtained during the tests (- 3 kW m-2 at the nozzle position). A brief 
di'QJssion of the health and wety implications was also presented and it was concluded 
tbaI the reduction of thermal radiation by fog streams allows for a significant increase in 
exposure time for bfighters at the fireground It was also suggested that the radiation 
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blocking effect of fog streams be incorporated into the design specifications for fire­
fighters' protective clothing and that this would result in lighter, better ventilated and 
more effective clothing systems 
5.4 Concept of "optimum" droplet size 
At this point it might be reasonably asked whether there exists an optimum droplet size 
for fire-fighting sprays. In attempting to answer this question, it is valuable to recall 
from ection 3 that the three major mechanisms for extinguishing a Class 'A' fire by 
water are. cooling of the flame, cooling of the fuel and inening the atmosphere (oxygen 
displacement) by the production of water vapour In addition, the mechanism of thennal 
radiation absorption may assist in fire suppression directly and the shielding propenies 
are cenainJy useful in improving the comfon of fire-fighters (Section 5.3.4). If the 
process of fire suppression was known to be dominated by only one of these 
mechanisms, then it might be possible to stipulate an optimum drop size. For example, if 
flame cooling were the single most imponant factor, then a fine spray would be 
preferable, the large surface area:volume ratio promoting heat transfer and rapid 
evaporation (Section 5 .3 .2). On the other hand if cooling the fuel bed was seen as the 
preferred option, then a coarser spray would be better in order to ensure penetration of 
the droplets through the fire plume convection currents (Section 5.2.2); in this case it 
might also be necessary to provide a fine spray to protect fire-fighters from high levels of 
thennal radiation. For deep-seated glowing fires, Henerich (Reference 1 0) 
recommended the use of so-called 'hard jets', whose high kinetic energy provided a 
deeper penetration and good heat absorption following the atomisation produced on 
impact with the fuel bed (Section 4. 1 . 1 .2). 
In practice however, it is not always apparent which fire suppression mechanism is the 
most imponant and it is likely that the relative imponance of the various mechanisms 
will change during the fire-fighting operation (Section 6. 1 ). Intuitively then, it would be 
surprising if a single drop size were found to be a 'cure-all' for the suppression and 
extinction of fire, given the complexities of fire dynamics and the physical and chemical 
interactions involved. In particular the geometry, temperatures and gas velocities 
involved will in general cover a wide range of scales and therefore it could be argued 
that the introduction of a range of drop sizes would be more effective in fire 
suppression. In Section 5. 1 .3 it was seen that monodisperse sprays are the exception in 
practice; practical spray populations comprise a range of droplet sizes although the 
distribution may be skewed by the appropriate selection of nozzle design. 
Henerich (Reference 10) discussed the concept of an optimum droplet size for fire­
fighting and arrived at a value of d - 3 50 �. It was argued that the heat transfer 
number (a) for this droplet size was a maximum since the ratio of terminal velocity to 
droplet diameter was also maximised. The validity of this argument was questioned by 
Giittler (Reference 40) since the calculation did not take account of the numerical term 
in the corrected form ofthe droplet heat transfer equation (equation (48» . Giittler also 
pointed out that the emphasis should more correctly be placed on the total quantity of 







potential of a single droplet. therefore there is a trade-off between maximising a and 
maximising the surface area to volume ratio of the spray (Section 5 I 3 and Figure 14) 
Again it must be remembered that this simplified argument is based on the case of 
monodisperse sprays, and applies to heat transfer by forced convection only (i.e. cooling 
of the flame or hot gases produced by the fire) 
This case was also analysed by Grin and Sergeev (Reference 60) who developed a 
mathematical model of the heat transfer between a (monodisperse) spray and a 
propagating high-temperature flame caused by an explosion. Assuming a time of 
contact between the droplet cloud and the explosion flame to be 150 ms, a parametric 
study was performed to determine how the rate of cooling was affected by different 
diameters of droplet and the number of droplets per unit volume Assuming a flame 
front temperature of 1273 K, an initial spray temperature of 293 K, and a flame 
extinction temperature of 77S K it was found that the optimum dispersed-water cloud 
had a density of 0.3 kg.m-l and a droplet diameter of 75 � The rate of evaporation of 
the droplets depended on their size, the density of the dispersed cloud and its time of 
contact with the flame These results were reported to be in good agreement with 
experimental data in which the water consumption for the extinction of an explosion 
flame was 0.25-0.4 kg mol 
In the experiments reported by Rasbash in Reference 44, it was found that the 
penetration of the lower fraction of droplet sizes into the flames was extremely limited in 
some cases, thus restricting the cooling capacity of the spray to the upper - 10% of the 
flame height. In the case where the flame height was - 1 m, and upward flame velocities 
were in the range 2-4 m S'I, it was found that 'only a very small fraction' of the sprays 
with mass median drop size less than 500 �m could penetrate to the burning liquid 
Consequently, the sprays were able to remove heat very effectively from the uppennost 
regions of the flame zone (comprised mainly of combustion products), However, heat 
removal from the base of the flame and from the fuel gases entering the combustion zone 
was limited and therefore flame extinguishment was not achieved 
Kaleta (Reference 88) derived computational data relating the rate of heat absorption 
(W m·l) of a monodisperse spray to the initial droplet diameter (m) (Section 6 I 4) 
Strong 'peaks' were observed in the plots of rate of heat absorption against the initial 
droplet diameter; the heat abstraction rate was observed to fall away for diameters either 
larger or smaller than the critical diameter. Based on this study, KaJeta concluded that 
initial droplet sizes in the range 3()O..900 �m produced the best extinguishing 
perfonnance. but that the optimum diameter depended on the distance between the 
nozzle and the flame zone and the prevailing thermal environment (Section 6.1 4) 
The problems associated with bringing water to the seat of the fire to promote coo ling 
of the fuel were discussed in Section 5 2 2 Beyler (Reference 48) suggested that 
droplets smaller than - I mm would be ineffective in pre-wetting or extinguishing a fire 
larger than - 250 kW, although droplets of diameter 2 mm and above were found to 
suffer little evaporation or deflection by the fire plume Hence it was suggested that 
there may exist a critical heat release rate above which a given drop size would not 
contribute to fire extinguishment Alpert (Reference 51) also discussed the critical drop 
size required to ensure penetration of the convection currents to the fuel surface and 
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proposed empirical correlations between this parameter and the heat release rate of the 
fire (equations (35) and (36» . 
The interaction between water sprays and thermal radiation was discussed in Section 
5 .3 .4. The strong correlation between droplet size and the wavelength of the radiation 
at minimum transmissivity has been confirmed by independent studies (References 82, 
83). Ravigururajan and Beltran (Reference 82) identified the critical infrared 
wavelengths as the range A - 0.6-25 !Lm and radiant attenuation was found to be 
strongly correlated with droplet radius. Clearly, a spray whose characteristics are suited 
to plume penetration and fuel bed cooling (i.e. d - 2 mm and above) will not be 
compatible with the provision of optimum radiation attenuation. 
Hayes (Reference 89) conducted a literature survey on the measurement of drop size 
and its impact on the extinguishment of confined and unconfined fires. The mechanisms 
of fire extinguishment and the techniques of fire-fighting were discussed; it was observed 
that different fire situations required different fire fighting tactics. In general however, 
the literature suggested that the primary strategy for extinguishing room fires should be 
to cool the fuel rather than smother the flame (by steam production); hence the ability of 
the spray droplets to penetrate to the fuel surface was of paramount importance. For 
intense fires in confined spaces, the initial strategy of directing the spray to the upper 
part of the space from a low level opening was advised. The use of this tactic assures 
that the maximum amount of water is converted to vapour; the accompanying 
absorption of heat coupled with the displacement of smoke produced better visibility and 
hence better accessibility to the seat of the fire. Since this type of fire is frequently 
under-ventilated when fire-fighting commences, the possibility of inducing a 
backdraught-like event by air entrainment was also stressed. The subject of optimum 
droplet size is discussed further in Sections 6 and 7 of this report. 
5.5 Measurement of droplet size distribution in practice 
5 . 5 . 1  General 
Many diverse techniques for droplet size measurement have evolved over the years. In 
order to measure the droplet size distribution for a given spray, a technique must be 
selected which is best suited for the purpose. The optimum sizing technique for a given 
situation will depend on the nature of the spray itself and also the anticipated end use of 
the size data. The task of measuring the individual sizes of a large number of small and 
swiftly moving bodies is not trivial and modem optical techniques are almost exclusively 
used for the task. They have two main advantages over other, older methods (e.g. the 
collection of drops on slides or electrical techniques): they are non-intrusive and they 
allow measurements over very short and/or very sharply defined time intervals. Intrusive 
mechanical methods have also been developed and in some situations remain the only 
option. 
Measuring the sizes of droplets and producing a frequency distribution is only useful if 
the sample size is large enough to ensure reliable results. If enough data are not 




I which will anow interpolation over a 'whole' distribution At all stages, there must be enough infonnation to be able to make infonned comparisons between sprays For 
example. two nozzles may each produce a spray which may be described u • '500 I'm 
spray' It can be assumed that it is highly unlikely that each droplet III the spray is 
exactly that SlU, so '500 "m' must be some form of 'mean size', however, several 
different methods of calculating mean sizes are regularly used, depending: on the 
application (Section 4 I 2 2) In addition, the width of the size distribution may be 
imponant. but is undefined in this example Both nou.les may produce droplets with an 
arithmetic mean size of500 I'm, but one may produce droplets in the range 495·505 }.1m. 
and the other in the range 0-1000 "m, therefore the sprays may not be imttchangeablc 
for a given application 
S S,2 Sample sjze and standard distributions 
Any statistical sample becomes morc reliable as the popUlation sampled increases The 
largest drops in most sprays will have diameters two orders of magnitude larger than the 
smallest droPs. though they may be far fewer. so it is imponant that the population 
sampled is large enough to contain drops which represent all sizes present in the spray 
Bowen and Oavies (Reference 90) determined a relationship for the influence of sample 
size on the accuracy of drop size measurements, and this is reproduced in Figure 21 If 
there is good reason to believe that the distribution is a given shape, the collection of far 
fewer measurements may be justified and the data can be fined to a standard distribution 
(or model) Ideally. this would permit interpolation and extrapolation from a relatively 
small sample Many different distributions have been derived empirically. and have been 
found to work well if used in appropriate applications (Reference 91) 
AruhmetJc IIormal dJstrlbutJOIIS occur if the measured value of some propeny of a 
system is determined by a large number of small effects If a large number of 
measurements of the value are made and ploned as a frequency distribution, a bell· 
shaped curve results This distribution is, perhaps surprisingly, relatively uncorrunon 
One of the most corrunonly used distributions is the log-1IOrmQ1 ciIsmbu/JOff, which is a 
GouSSJan curve of frequency of occurrence of droplets of a given size range Ul a spray. 
on a logarithmic abscissa representing diameter This has been found to work weU for 
naturaJly-occurring sprays Model-independent distributions are now increasingly used 
whh the advent of automatic systems which can gather information from large samples 
Models are still used where data gathering is labour·intensive and time-<:onsuming a 
drawback of many photographic techniques 
5_5.3 Spatjal and temporal nmpling 
A droplet sizing method which counts and measures each drop is termed a 'temporal 
technique' By contrast, a 'spatial technique' measures drops contained within a control 
volume over a short enough period for the contents of the volume to be constant within 
that time Drop sizing techniques may fall into either or neither category - for example, 
• Phase Doppler Anemometry (POA) system is a temporal technique. and 
Inlerferometrlc Laser lmagmg of Droplets (I-LIDS) is a spatial technique. but a 
68 
Malvern Analyser takes data from the whole distribution over a finite time. It is 
important to make sure that 'raw' data from one type of device are not used for 
comparative studies with other techniques. Consider a nozzle producing droplets whose 
size distribution is to be measured; due to frictional forces, smaller drops will retard 
faster on leaving the nozzle than larger ones, so a high concentration of small drops will 
be found just downstream of the nozzle A spatial sampling system will record a result 
skewed toward small droplet sizes, as it will record the sizes of the droplets which are in 
the region, rather than those which pass through the region to produce a fully developed 
spray If all the drops were travelling at the same speed, there would be no spatial 
distribution of drops of different sizes, so spatial and temporal techniques would both 
return the same value (Reference 14) 
5 .5  4 Mechanical methods of drop size measurement 
Perhaps the simplest mechanical method was developed by Wiesner (References 92, 93) 
at the end of the nineteenth century, to study raindrop size during a series of studies of 
weather in the Tropics. A piece of paper was stretched across a frame with water 
soluble dye dispersed across it in powder fonn. For a given paper, the surface area of 
the stain was found to be roughly proportional to the mass of the impinging drop, 
although for drops larger than I mm it is also a function of the tenninal velocity 
(References 92, 94). Problems with this method include splattering drops and the non­
circular stains produced by drops arriving at a non-perpendicular angle. To prevent the 
problems caused by splattering and spreading, later experiments employed fine mesh 
screens covered in soot, through which the drops fell, washing off the soot and 
producing marks very nearly proportional to drop diameter (Reference 95). 
A more reliable method was devised by Bentley (Reference 96) and developed by Laws 
and Parsons (Reference 97) and Blanchard (Reference 98). A shallow tray was filled to 
a thickness of 2-3 cm with fine, uncompacted flour. The tray was exposed to rainfall for 
a time dependent on the rate of raindrop impacts. The resulting dough pellets were then 
left to dry until hard, and were then measured. In Reference 97, the dough pellets were 
baked and subsequently sieved. By counting the pellets and weighing the catch of each 
sieve, the mean mass of the pellets in a parricular size group was found. Calibration was 
perfonned against pellets fonned by droplets of known sizes, and it was found that drop 
size, D, (mm) was related to pellet mass, m, (mg) by D = 1 .29Vm . Blanchard 
(Reference 98) used a deeper layer of flour with a irregular surface to prevent splattering 
and added a dye to make the pellets more visible. 
A mechanical technique which is still used in laboratories today is that of droplet 
collection on slides (Reference 99). A layer of very fine grained material (such as soot 
or magnesium oxide) which will retain an impression by extremely small particles is 
deposited on a microscope slide. The slide is then exposed to the spray and examined, 
either using a travelling microscope or an image processing computer. The sizes of the 
impressions are converted to drop sizes by the use of a conversion factor; this method is 
good for drop sizes down to around 3 IIm. Immersion sampling makes use of liquids 
which allow drops to enter and remain stable. In some investigations, cells filled with 
such liquids have been used to collect droplets, which, on entering the liquid, remain 
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intact and collt(rt at the bottom of the cell Problems are encountered with this 
technique when there is a large amount of spray, and particu1arly when the spray is 
coarse in nature In these cases droplets may shatter on entering the collection medium, 
and may coalesce, returning an incorrect droplet size on measurement 
Cascade impactors (Reference 14) are based on the principle that large droplets with 
high momenta will hit obstacles place in their path, whereas small droplets will confonn 
to the f10wfidd around an obstacle more readily, and thus avoid it Spray is channelled 
onto a slide through a nozzle For given relative positions of the slide and the nozzle, 
increasing the slide area will lower the minimum size captured by the slide Several 
impactors with different relative nozzle/slide sizes will allow different size ranges in the 
same spray to be measured, and the robustness of the systems allows them to be used 
under extreme conditions (e.g. on aeroplanes for sampling drop sizes in clouds) The 
molten wax technique (Reference 99) was used during the Second World War, to 
investigate the size of particles emitted by nozzles in aircraft engines For certain 
temperatures, paraffin wax has similar characteristics to aviation fuel, so it could be 
ejected through the nozzles into a large cool vessel, where it solidified. Sieving would 
then reveal the drop size distribution. This will work with any liquid that can be frozen 
with sufficient speed, and it has been used in conjunction with photography for water 
shot into a liquid helium cooled vessel Microphones have been carried aloft on balloons 
to measure cloud and rain droplet size (References 92, 100) As droplets hit membranes 
stretched across the microphones the sound was transmined to a receiving station, at 
which the intensity of the sounds could be resolved into size distributions 
Unfonunately, errors of 20'10 and larger were normal with this technique 
Electrical techniques (Reference 14) include measurements of the conductivity of a drop 
between two sharp needles, the cooling effect of a drop on a constant temperature hot­
wire anemometer and the removal of charge from a charged wire. Because of the small 
physical size of the test region, and the tendency for drops to cling to wires and 
electrodes, they are limited in their applications to single droplet measurements, which in 
turn are only really useful for low flux rates. A recent development in this field is the 
ElectTlcal Law Pressure Impactor. manufactured by Dekati of Finland Particles 
entering the instrument pass through a diffusion charger and the electrical current carried 
by the charged particles into each impactor stage is measured in real time by a multi­
channel electrometer, giving a real-time size distribution However, this instrument is 
not suitable for measuring most sprays as the size range covered is very small 30 om to 
1 0  IJm 
5,5 5 Light scatterina by water droplets the basis ofQPtical techniques 
As mentioned previously, optical techniques are favoured over mechanical techniques, as 
they are non·intrusive of the system under investigation and are more able to return data 
from • clearly defined time interval With the increasing availability of low-oost 
computing power and advanced signal processing techniques, there are now optical 
techniques which have the capacity to rerum size distributions in real time When an 
opticaI l)'1UlID is used for the me!9ltcment of droplets in a sas, inferences are made 
Ibout the size of the drop from the intensity, and in some systems the phase, of the light 
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scattered from it at different points in the far field. The theoretical basis for making such 
measurements comes from two approaches: Mie Theory and the Theory of Geometrical 
Optics. 
In 1908, Gustav Mie (Reference 101)  developed a set of equations which described the 
electromagnetic field within a sphere of unifonn refractive index, when the sphere was 
illuminated by an electromagnetic wave of a given wavelength and polarisation. The 
work has been collected and given standard notation in books by Van de Hulst 
(Reference 102) and Kerker (Reference 1 03). The theory considers each element within 
the sphere to be a source of light, radiating into the far field. The contributions from all 
sources can then be summed to give an intensity of radiation of a known polarisation at a 
given point in the far field. The theory returns the amplitude of scattered light in tenns 
of two functions, S\(D,m,O) and S2(D,m, Ol .  which give the amplitude for incident 
polarisations perpendicular and parallel to the scattering plane respectively, where D is a 
non-dimensional size parameter, effectively drop diameter over fringe spacing for a 
sphere of diameter d, in light of wavelength A ,  such that D = 71Ii / A ; m is the relative 
refractive index and 0 is the angle of incidence. Size and refractive index can be 
considered to be constants for a single droplet under most conditions, and angle of 
incidence can be treated alone as an independent variable. The intensity of the reflected 
and transmitted light is dictated by the angle of incidence and the polarisation of the light 
incident at each interface and is related to the square of the amplitude coefficient. The 
intensities for the two orthogonal incident polarisations are then: 
(57) 
(58) 
The ahsolute intensity is the mean of these intensity values: 
(59) 
The approximation of a sphere of unifonn refractive index can be reasonably applied to 
small water droplets in the absence of significant deforming aerodynamic forces. It has 
also been demonstrated that the number of tenns needed to be computed in the series is 
proportional to the size parameter D, so the time taken to calculate a droplet diameter 
increases with the size of the droplet to be measured. This was once a serious drawback 
in the application of Mie theory, but the availability of relatively powerful desk-top 
computers is making Mie calculations possible for many applications. The restriction to 
a unifonn field of light is a more serious constraint. Lasers produce very highly 
monochromatic light, so may seem to be ideal for Mie-based measurements. However, 
the intensity of light in a laser beam is not constant and a section through the beam 
reveals a Gaussian distribution of intensity. 
In the geometrical optics approach, light scattered from a droplet is considered in teilus 
of the superposition of reflected, refracted and diffracted light. Glantschnig and Chen 
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(Reference 104) used Geometrical Optics to derive ,](8) and 'l(e} for the case of light 
scattered by a spherical water droplet. with a radius greater than the wavelength of the 
light used Their specific objective was to study the feasibility of using Geometrical 
Optics as a mathematical basis for practical laser water droplet sizing The functions are 
obtained in a closed form as functions of the scanering angle, 8, provided 
• Scattering is not to be considered beyond 1700 
• Refractive index, 11, is different from that of the surrounding medium (2D(n- l) > I )  
• The droplets are large' D> lO in practice, this requires a drop diameter >2 mm for 
visible wavelengths 
• Light is not scattered at the 'angle of rainbows" 128 7° & 137 So for water/air 
For scattering angles less than 30° • forward scattering . diffraction is the dominant 
means by which light is scattered Ths region should be avoided since phase 
information cannot be extracted from diffracted light As scattering angle increases, the 
intensity of scattered light from a given system of droplets diminishes, and so the signal 
to noise ratio decreases, but offsetting this, the maximum measurable concentration 
increases The remaining scattering angles are dominated by one or two modes of 
reflection or refraction. as summarised in Table 7 (Reference 10S) 
T_ble 7 
Scanering modes associated with various scattering angles 
Scattering Angle 
8 < 30b 
30° < 8 < 80° 
80° < 8 <  1 1 00 
1 1 0° < 8 < 130° 
130° < 8 < 1700 
lmportam scattering modes 
Diffraction dominates 
Refraction dominates, some surface reflection 
Surface reflection dominates 
Two internal reflections 
One internal reflection 
Geometrical Optics has the advantage that the behaviour of the scattered light can be 
readily visualised, and the accompanying calculations carry a modest cost in comparison 
with those for MJe Theory More imponantiy, from a mathematical poim of view, the 
Gaussian distribution of the intensity of the incident light beam can be included 
S,5.6 Optical droplet sizing techniques 
There are many ways in which an ensemble of particles can be illuminated and the 
scattered light received and recorded Each different method should be considered when 
choosing a technique for a programme of study Techniques may be chosen for 
sensitivity or insensitivity to refractive index. or shape, and can even be used in the case 
of amorphous and dark particles� for example, some intensity averaging and diffraction 
methods can be used for sizing coal dust and soot panicles whereas systems reliant on 
refraction, such as the I·LIDS system, described later, cannot. 
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5,5,7 LimitatiQns Qf Qptica! systems 
As with any piece Qf measuring equipment, it is crucial that QPtical drQP sizing 
equipment is used under the conditiQns fQr which it was designed. CQmmQn problems 
have been listed by Yule (Reference 106) as: 
Schlieren Effects Beam steering can Qccur due to gas temperature variations; this is 
particularly trQublesome in the case of reactive flows. 
High Drop/et Concentrations High cQncentratiQns of particles can cause light to be 
mUltiply scattered, leading to larger scattering angles. This leads to a return of low 
values for diffractiQn techniques. In dense sprays, the sample volume of a system such 
as the PDA can be occupied by more than one droplet at a given instant. The instrument 
may then disregard this reading. As multiple Qccupancy is more likely to occur for small 
droplets, this phenomenon tends to skew the results toward larger drop sizes. 
Deformation High relative gas-particle velocities can cause deformation of drops being 
measured. This can cause prQblems with bulk: measurements; for example, the Malvern 
Analyser described later will return a distribution composed of the smallest dimensions 
Qf the droplets, and weight the data by using the total areas of the real particles. 
Yule concluded by suggesting high speed imaging (either photography or holography) as 
the most promising way fQr droplet sizing technolQgy to develop. However, these 
methQds have their own attendant drawbacks, as will be shown. 
5 .5 .8 PhQtography and holQgraphy 
When considering optical systems for sizing water droplets, the most obvious technique 
to try would seem to be photography. If a phQtograph could be taken of the droplets in 
a spray, with a known magnification factor, it should be a trivial matter to measure the 
images of the droplets and produce a droplet size distribution. There are, however, 
problems with this technique. 
Gathering clear images of droplets is not a simple task. As droplets in a spray move, it is 
desirable that the exposure time shQuld be as short as possible, which may lead to 
prQblems with inadequate lighting. In dense sprays, it may be difficult tQ illuminate and 
photograph droplets in the core of the spray, which may exhibit a different size 
distribution from those on the periphery. 
As has been discussed, for a droplet size distribution to be established reliably, it is 
desirable tQ measure as many droplets as possible. Measuring the sizes of individual 
droplets from photographic plates is extremely time-cQnsuming and tedious for the 
analyst. There is a trade-Qffbetween having drops of sufficient size to reduce the errors 
in measurement and capturing a large number of droplets on a single frame. Using video 
techniques to produce a series of frames will resolve this problem provided that the 







problems if a group of small droplets are sufficiently close to appear as a single large 
drop, a phenomenon known as 'aliasing' 
Despite these problems, photographic droplet sizing has been anempted in a number of 
studies, with varying degrees of success A few studies will be outlined here in order to 
demonstrate the situations under which it is best applied, and the ways in which some of 
the shortcomings of the technique have been overcome The Fire Experimental Unit (FEU) attempted 10 photograph droplets within a spray during a study carried out in 
April 1985 (Reference 32) Conventional flash equipment was used to illuminate the 
spray and, although the flash was not fast enough to freeze the droplets in flight. results 
were sufficiently encouraging for a second series of tests to be carried Qui using a flash 
supplied by a specialist manufacturer of high speed photographic flashes Although 
these tests were successful, they were not pursued further as the data coUection was SO 
laborious At the time, there was no certainty of being able to contract this work out to 
an agency, or to automate the process A second attempt was made in 1986, when the 
work was contracted out to Bete Fog Nozzle Inc .• in the USA. This equipment 
gathered standard 625 line television pictures. from sprays illuminated with a high speed 
flash tight source, and computer analysis was performed on the image to determine size 
data A large number of tests were performed using this method, and the data were 
treated as being reliable. Further work on characterising sprinkler sprays using this 
equipment has been undertaken by the US Department of Commerce 
South Bank University have developed a photographic high·speed imaging laser 
technique. and have used it to provide data for their SPLASH model of sprinkler spray 
behaviour (Reference 107) This system uses an Oxford IO W copper vapour laser to 
provide light pulses down to 10 ns A Hadland Hyspeed HIOII6 camera is used, 
synchronised to the laser pulses, to capture images on very fine-grained film A special 
system of optics, called a Boroscope, is used to provide close-up images of the droplets 
Three hundred drops were measured in each sample, to give an error of ±2001o 
(Reference 90) Three methods of image analysis were used 
In the first technique tried, images were projected onto a screen, where they could be 
traced and the tracing measured. With the introduction of an image of a needle of 
known size. a magnification factor could be determined, and the real size of the droplets 
deduced from their apparent size With the so-called Cortex IQ 120 system. an operator 
searches each frame for droplets, and marks three points on the perimeter of the image 
A best fitting circle is then calculated and the diameter of this best fining circle is then 
recorded as the droplet diameter Speed and trajectory of the droplets can also be 
deduced. Another system was semi-automatic The Joyce Loebl 'Magiscan' was used, 
in which a computer scans a digitised image to look for structures, and records the 
diameters of structures with high circularity Operator supervision is still required to 
prevent slowly moving drops from being counted twice, though this could largely be 
e liminated by taking measurements from frames spaced as far as possible apart in time 
This system could not provide size and trajectory information 
More recent work has been carried out using a Drop Size Measuring System produced 
by Particle Measurement Systems lnc (References 108, 109) which can measure drops 
ranging from 0 1 mm 10 6 2 mm in size with a resolution of 0 1 mm A He-Ne laser is 
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used to project a beam of light through the object plane of the optical system The 
shadows behind the drops are projected onto a linear array of photodiodes, As drops 
pass through the laser beam, successive image slices are recorded; drop size corresponds 
to the width of the widest image slice, The droplet velocity can be calculated based on 
the droplet size and the droplet travelling time through the object plane of the probe 
Holography of sprays has been attempted, but for dense sprays the problems of 
analysing the holographic image become increasingly more difficult (Reference 1 1 0), 
One solution is to take holograms of very thin slices of the spray, but then it can be 
argued that holography has no significant advantage over photography, 
5,5,9 Extinction systems 
Extinction systems measure the amount of light absorbed and scattered by particles 
interrupting a light beam Assuming the Bouger-Lambert-Beer Law, intensity will 
decrease exponentially with the amount of material between the transmission and 
detection optics This technique was used by Sapko et af. (Reference I l l) to measure 
the diameter of water droplets in an experiment designed to quantify the amount of 
water and best size of droplet to arrest an explosion, or to inert an explosive mixture. 





III 0 is the fraction of light transmitted, K is the extinction coefficient, c is droplet 
concentration, I is path length, p is particle density and d is particle surface mean 
diameter. This technique works best when it is reasonable to assume that the size 
distribution for a given droplet system is very narrow, Then, if droplet concentration is 
known, particle surface mean diameter will be calculable, This is quite a serious 
constraint, and the individual situation must be assessed carefully to see how closely it 
approaches this ideal, 
5 ,5,10 Fraunhofer diffraction systems 
Fraunhofer diffraction is the technique utilised in the widely-used Malvern Analyser, and 
has the advantage of not being sensitive to shape or refractive index, Systems based on 
this method work by measuring the modification in intensity across the width of an 
expanded beam caused by a cloud of particles (References 14, 1 1 2) (Figure 22), Each 
particle crossing the beam will contribute to an integral djffi-action pattern, which is 
recorded by concentric rings of photo-detectors over a period of time, The particle size 
distribution is recovered by de-convolution techniques from the intensity pattern, 
Commercial systems typically have a range of 1 - 1 800 �. Since they initially became 
available an important criticism, that they had little temporal resolution, has been 
overcome, Those available at the time of writing can return distributions every 5 ms, but 
have no spatial resolution, Particles moving at a high speed can also cause ambiguities, 
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As with many 'line-of-sight' methods, unreliable results can be given for high and 
extremely low concentrations For the Malvern Analyser, the operating limits are for 
concentrations higher than 5% but less than 500Ie, correction tables are available for 
measurements outside these regions, but these are generally considered to be the limits 
of reliability High panicle concentrations cause multiple scattering of the laser light, 
which tends to skew the distribution towards lower droplet sizes 
5.5. 1 1  Single particle sizers 
Single particle counters (References 1 13-115) work by measuring the intensity of a 
scattered light source at an angle and integrating over several intensity lobes These 
results in practice have been found to agree well with those obtained by electron 
microscopy They tend work best for opaque particles in very low concentrations 
5,5,12 phase doopler anemQmetry 
Phase Doppler Anemometry (POA) is a development of Laser Doppler Velocimetry 
systems In this technique (References 1 16--118), a laser beam is split into two beams 
which are made to cross in space to fonn a fringe pattern A transparent droplet passing 
through this region will magnify the fringe pattern by acting as a lens, opaque droplets 
will perform the magnification by acting as a convex mirror. The degree of 
magnification is indicative of the size of the droplet Measurement takes place in the 
region in which the two laser beams cross, a volume of typically - I mm]. Collection 
optics receive light from this measurement volume and focus it onto a spatiaJ filter in the 
form of a verticaJ slit. Photo-<ietectors receive the light, and by calculating the phase 
difference between them., the apparent size of the mnge pattern can be detennined, and 
the droplet size can be caJculated 
A curve of phase difference between light received at two points in the far field against 
the Mie size parameter for light emitted from a point aperture will show small 
perturbations These are due to interference between reflected. and refracted 
components. If the same curve is considered with a finite aperture, a smoother curve is 
achieved, but in practice the perturbations set a lower limit on the size of panicles that 
can be usefully measured.. the spatiaJ resolution of calculations must be better than 
1800ID to capture aJl details. 
Three photo-detectors are used together to detect the fringes Two would in fact be 
sufficient, as measurement of intensity with time at two points will give a value for the 
phase difference, from wltich the droplet size can be measured However, a third is 
usullly added, It an offset distance between the first two This is partly to detect and 
reject signals from unwanted scattering modes - and sometimes a founh detector is aJso 
used for litis, however the main purpose of the third detector is to extend the sizing 
range, by overcoming tbe 36()° amblgully 
Wrtb only two detectors, the largest diameter measurable is limited by this ambiguity in 
wbiclll phase difference of 211"+ D may appear as a phase difference of D, producing an 
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ambiguity in drop size, and only spherical particles may be measured. To overcome this, 
a third detector is employed to give an independent check on the absolute phase 
difference between the other two. The equipment required to carry out this type of 
particle dynamics analysis is relatively expensive, because of the absolute accuracy 
needed in setting up both the transmission and collection optics, the high quality of the 
optical components, and the complexity of the data processing software needed to make 
full use of the data available from such a system. The only methods available that can be 
used in the same area of study as PDA are line of sight methods, but by the very nature 
of these processes, in which an integration is carried out along the beam, local variations 
in particle concentration along the length of the beam will not be recorded. A PDA 
system, because it is concerned only with the measuring volume, would detect these 
local variations. This spatial resolution of the spray particle concentration and size is the 
great advantage of PDA systems, but they also have the disadvantage of being unable to 
size and follow particles with low sphericity, or particles with high absorption and low 
reflectivity. PDA is unsuitable for measuring flows with very high droplet 
concentrations. 
5.5 . 1 3  Intetferometric laser imaging of droplets 
Intetferometric Laser Imaging of Droplets, or I-LIDS (Reference 1 1 9), is a process 
which enables droplet sizing of individual droplets, or groups of monodisperse droplets 
in a stream, retaining spatial information. In this system the droplets to be sized are 
illuminated by laser light and intetference takes place between rays reflected off the 
sutface of the droplet and those that are refracted after entering the droplet, to produce 
a fringe pattern (Figure 23). This can be most easily observed at an angle of 450 from 
the forward scattering direction, where, from Mie theory, there is a high intensity of 
scattered light. 
To capture as much light as possible, a large aperture convex lens is used. If the lens is 
aligned with its central axis at 450 to the laser beam, scattered light from the droplets 
passing through the beam will be focused onto a point behind the lens. A sharp image 
can then be observed using either photographic techniques, or the eye if the power of the 
scattered laser light enables this to be done safely. The position of the camera is 
adjusted so that an out-of-focus image of the drop, composed of intetference fringes, is 
seen. The extent of the image is determined by the aperture of the lens. 
It can be shown that the refracted ray has a longer path length than the reflected rays, 
which produces a 'phase difference' between the rays, and intetference fringes are 
formed when they are superposed at the observation medium. The number of fringes 
that can be counted in one disc is directly proportional to the size of the droplet, whose 
absolute value is calculable after ascertaining the magnification of the system. From 
Figure 23, the path difference, Pd , is given by: 














and a = 8+ P We require 6.8 to be the fringe angle for which M'd = A, 
(62) 
(63) 
As the fringe number is directly proponionaJ to the droplet size, an I-LIDS system can 
also be calibrated by taking interference patterns from droplets of a known size, such as 
those from a monad/sperse (or 'single-size') droplet generator, if independent 
confirmation of the size is possible 
Fringes from different droplets within the field of view are individually distinguishable 
provided the method used to record the interference pattern is fast enough to freeze a 
moving image. Also, if several droplets of roughly the same size pass through a small 
measuring zone in a given period, each droplet will contribute an identical fringe pattern, 
allowing confirmation of the narrow size spectrum and the size of the droplets This 
technique was used recently in a study describing the evaporation and freezing of 
optically levitated droplets, and in a study of the mutual interaction between water 
droplets and methane-air burner flames (References 120, 121) 
5.6 Summary 
Various methods of spray production have been reviewed, most firefighting noules 
(branches) operate on the 'pressure atomising' principle and generate polydlsperse 
sprays (i.e. sprays containing a wide range of droplet diameters) Gaseous, or twin-fluid 
nozzles have the ability to produce exceptionally small droplets, in some cases even 
down to I IJ1Il in diameter. For any nozzle design the liquid viscosity is the primary 
variable affecting the droplet size; a decrease in viscosity results in a more uniform spray 
of smaller droplets. The influence of nozzle pressure on droplet size has been widely 
debated; the weight of the evidence tends 10 suggest that, for a given nozzle. a minimum 
mean drop size (d"J is produced at some value of pressure and any increase in pressure 
thereafter tends to increase d", rather than reduce it fimher. 
The penetration of a spray has been defined as 'the maximum distance it reaches when 
injected into stagnant air' This value is governed by the relative magnitudes of the 
kinetic energy of the initial liquid jet and the degree of aerodynamic resistance offered by 
the surrounding atmosphere. It has been suggested that a single droplet has a 'stopping 
distance' which is an order of magnitude smaller than its parent spray and that compact 
narrow sprays possess better penetration characteristics than weU-atomised sprays with 
wide cone angles Again the influence of pressure is disputed and while some workers 
suggest a fall-olf in penetration at elevated pressures, others have advocated the use of 
increasingly higher nozzle pressures (30 bar and above) as a means of increasing the 
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throw of fine sprays On balance the latter view does appear to be questionable, 
however, empirical data in this area are sparse and particularly where high pressure 
sprays are concerned. A related topic is the degree of air entrainment to be expected in 
firefighting sprays; methods for estimating this effect range from a semi-empirical 
correlation to complex computational techniques. Again, this important area suffers 
from a lack of experimental data and this should be addressed in future. In addition, 
where computational studies have been performed, these have tended to focus on sprays 
discharging vertically downwards into buoyant fire plumes; this is because the models 
were originally developed as tools for optirnising the design of sprinkler systems. 
The thermodynamic properties of water (i. e. its heat capacity and latent heat of 
vapourisation) make it a uniquely suitable liquid extinguishing agent. The contributions 
of the various modes of heat transfer to the extinction process have been discussed by 
fire scientists and experimental and theoretical studies have been published. The heat 
transfer from hot gases to water droplets, which controls the overall cooling of the 
compartment atmosphere and any direct cooling of the flame zone, is usually modelled 
using well-established non-dimensional heat transfer correlations for forced convection 
around spherical bodies; in more advanced theoretical treatments, both the diameter and 
velocity of the droplet are time-dependent. Using these concepts it is possible to obtain 
approximations for the 'heat transfer capacity' (in W.m'J or W.m''. K'' per unit volume 
of spray) of idealised monodisperse sprays travelling at a characteristic mean velocity; a 
little more effort is required for the practical case of polydisperse sprays. 
Heat transfer by conduction from high temperature solid surfaces to water droplets is the 
primary mode of direct fuel cooling in Class ' A' fire suppression; this is also relevant to 
the indirect cooling of non-burning solid surfaces (e.g. compartment walls and ceiling). 
Experimental studies of the various cooling regimes have been reported by workers in 
the field of process metallurgy, specifically in the context of the forced cooling of steel 
castings by water sprays and mists. However, the results of these studies have little 
direct application to Class ' A' fire suppression because of important differences in the 
details of the heat transfer system. The most important difference is that metals possess 
a high thermal conductivity whereas typical Class 'A' fuels (e.g. wood) are of low 
thermal conductivity. In metallurgical applications therefore, it can be assumed that the 
surface temperature remains essentially constant during cooling but for low conductivity 
materials the impingement of water droplets produces intense localised cooling. Some 
efforts have been made to model the physics of spray cooling of low conductivity solids 
but this area of fire science is far from maturity. 
The ability of water to absorb radiant heat has long been recognised and water sprays 
are routinely for this purpose during firefighting to protect personnel and combustibles. 
A number of studies have been conducted in recent years in an effort to provide a more 
quantitative understanding of this phenomenon; it has been found that the absorption 
capacity of a given spray is strongly correlated with the droplet size and concentration. 
Although much of this work is experimentally-based, again there are mathematical 
models available which can provide estimates of the radiation-blocking performance of 










The possible existence of an 'optimum droplet size' for fircfighting has been considered 
by several authors, tiling into account the thermodynamic properties just described and 
the need to project such sprays into hot, energetic, gaseous atmospheres The problem 
is compounded by the need to cool not only the compartment gases. but moreover the 
hot fuel surfaces in order to achieve final extinguishment of Class ' A' materials Fuel 
cooling is essential, but the contribution of gas phase cooling is also important, not least 
to ensure a tolerable environment in which firefighters can operate, in addition, where 
ventilation is restricted, extremely rapid initial flame knockdown is possible as a result of 
gas phase cooling and the subsequent formation of an inerting water vapour atmosphere. 
The optimum drop sizes for efficient gas phase cooling and radiation absorption are 
much smaller than that required 10 reach the solid fud surface, since the laner must 
possess sufficient momentum to traverse the buoyant gases without being deflected 
The 'optimum' drop sizes proposed in the literature fall in the wide range from 2 � to 
2 mm. for radiation attenuation to fuel bed cooling respectively. In practice it is usual to 
produce a wide range of drop sizes within polydisperse sprays and for firefighting this is 
probably helpful; some adjustment of spray characteristics at the nozzle is obviously 
advantageous however, given the foregoing discussion 
Many different droplet sizing techniques are available It is imperative that one 
appropriate for the spray to be sized is selected. Users of particle sizing data must be 
aware of which measured quantity they are using, and must make sure that it is 
compatible with the application for which it is intended Quoted droplet sizes are 
usually representative of a distribution. two sprays for which an identical mean size is 
quoted may be composed of different ranges of drop sizes Each droplet sizing 
technique is subject to error, and the degree of error should be quantified, especially if 
comparisons are being made between results obtained using different techniques If 
errors are oot quantifiable then information should be included in the repon of any 
adverse conditions under which the sample was taken 
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6. PREDlCnON OF SUPPRESSION & EXTINCTION USING MODELS 
6. 1 'Fundamenta!' theoretical models of the suppression/extinction process 
6. 1 . 1  General 
The various mechanisms of suppression and extinction relevant to diffusion flame fires 
were discussed in a previous report (Reference 5). Section 3 of the present document 
cites the mechanisms most pertinent to Class 'A' fire suppression by water sprays as: 
fuel cooling, flame cooling, and flame inerting. In a discussion of water mist fire 
extinction mechanisms, Mawhinney (Reference 24) added to these the possibilities of 
thermal radiation attenuation, dilution of the flammable vapour/air mixture and chemical 
inhibition. The ability of water sprays to promote flame cooling, fuel cooling and the 
blocking of radiant heat were previously considered in Section 5 .3 .  Some of the 
theoretical treatments of fire suppression and extinction described below also consider 
the additional mechanisms of flame inerting, dilution and chemical inhibition. Various 
types of "model" have been proposed ranging from fundamental theories which attempt 
to identify important physical or chemical processes to those which are designed to be of 
more direct practical application. 
6.1 . 2  The firepoint equation · fuel surface cooling 
Rasbash (Reference 122) defined the jirepoint as the mmunum temperature of a 
flammable liquid at which the application of a pilot source of ignition would result in 
sustained burning. The firepoint temperature is greater than the flash point for 
flammable liquids, which is the temperature at which a transient flash is obtained at a 
point away from the ignition source. In Reference 122, Rasbash extended the firepoint 
concept to the case of solid combustibles by including other criteria associated with a 
critical condition for piloted ignition, namely: a critical rate of convective heat transfer 
from the flame to the solid, a critical rate of emission of volatiles and a critical flame 
temperature. Early work on the extinction of liquid fires by water sprays indicated that 
for application rates less than 'critical' (i.e. the rate required for complete 
extinguishment of the fire), an intermediate steady burning regime was established with a 
corresponding fuel surface temperature somewhere between the firepoint and the free 
burning temperature. The heat balance equation for the steady, suppressed burning of 
solid combustibles in this regime may be written as, 
(64) 
where S is the net sensible heat flux received by the fuel (W.m·2), Hr is heat transferred 
to the fuel from the flame by convection per unit mass of fuel burned (lkg''), Af is the 
heat required by the fuel for the production of unit mass of vapour (lkg" ) either by 
vapourisation or pyrolysis, mU is the burning rate of the fuel per unit area (kg.s1 m,2), R. 
is the heat flux transferred to the fuel by other routes such as radiation (W.m,2) and R. is 
the heat flux transferred from the fuel to the environment, panicuJarly by re-radiation 
(W. m ,2). Critical conditions arise when the physical state of the system described by 
8 1  
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on (64) is just sufficient to sustain piloted ignition, or put another way, an 
established flame is on the point of extinction. 
The critical condition is described by the modified version of equation (64), namely 
where the subscript 'c' denotes a critical value of the parameter concerned. According 
to firepoint theory, the fire is extinguished if Hr> Hr.. or m" < m; where, 
Hro = (if (66) 
and 
(67) 
where ; is the maximum fraction of the heat of combustion of the volatiles which the 
flame reaction zone may lose to the fuel surface by convection without causing 
extinction of the flame (liS) In equation (67), h represents the heat transfer coefficient 
(W m-2 K-') and Bc is the value of Spalding's B-number (Reference 6) at critical 
conditions. The B-number, 
(68) 
is the ratio of the factors which influence the burning rate (I.e. the sensible heat 
requirements) to the heat transferred to the fuel surface by convection per unit mass of 
fuel consumed In equation (6S), m ... is the ambient mass fraction of o:qrgen, H is the 
heat of combustion of the volatiles (J kg-I), r is the stoichiometric ratio, c is the specific 
heat capacity of the gas (J kg-'_K!) and T. and T. are the temperatures of the ambient 
atmosphere and the burning fuel surface respectively (K). The parameter A in equation 
(67) is then defined as the numerator of the B-number, 
(69) 
where the first term is substantially larger than the second (Reference 122) Rasbash 
(Reference 122) also noted that, 
(70) 
which, in conjunction with equations (65) and (67) leads to thefirepoml equorion, 
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(71)  
where S, is the critical value of net sensible heat flux (W.m-2) required to be abstracted 
from the fuel to ensure extinguishment of the fire or to prevent piloted ignition In the 
case where an extinguishing agent is used to cool the fuel surface (e.g. water in the form 
of a spray), Rasbash derived an expression for the critical flow rate (in kg.s-'.m-2) as 
Se/ "'w where "'w is the heat removing capacity of the agent per unit mass (J kg"') 
The significance of the various terms in equation (71) were also discussed in Reference 
122 and the main points are now briefly summarised. It was suggested that the fraction 
tP may be associated with the critical flame temperature (T,) and therefore to the kinetics 
of the combustion reaction, with rp being inversely proportional to T,. In particular, the 
presence of inhibitors in the flame would lead to a reduced reaction rate and therefore to 
a decrease in rp and an increase in T,. Rasbash also stressed the distinction between the 
heat of combustion H which appears in A (equation (69» and the 'heat of combustion of 
the fuel', the two are not equivalent, particularly when there is significant char 
production and if the volatiles are produced at high temperature. The importance of 
environmental factors and material properties on the parameters "'r,h,R. ,R, were 
highlighted by Rasbash and it was suggested that a rigorous implementation of the 
firepoint equation would require the inclusion of transient phenomena. Although it was 
conceded that there was 'a dearth of the necessary data' required for the general 
quantitative application of equation (7 1 ), particularly in relation to rp and "'r, Rasbash 
did discuss some preliminary quantitative implications for fire extinguishment based on 
the firepoint analysis. 
A value for rp of 0.23 was inferred from previous research on the combustion of 
kerosene, and a critical rate of water spray application of 1 00 g.m-2.s-' was calculated for 
the extinction of kerosene pool fires by fuel cooling (assuming "'r = 200 1.g-'). This 
compared well with the experimental data of Reference 43 where a minimum application 
rate of 80 g.m-2.s-' was determined; it was suspected that the discrepancy was due to a 
dependency on the drop size distribution of the experimental sprays and the effect on 
"'w . Earlier experimental investigations of the piloted ignition of wood found a critical 
decomposition rate of rh;' - 5. 1 g.m-2.s-' which was fairly constant over a wide range of 
wood types; assuming H = 1 7  000 J.g-', Rasbash arrived at a value for rp of 0.27. 
Similar experiments on plastic materials gave values for rh;' of 3.0 and 4.5 g.m-2. s"' for 
polymethylmethacrylate and polyoxymethylene respectively, yielding corresponding 
values for tP of 0.3 1  and 0.26 respectively. In general, values for tP were found to lie in 
the range 0.2-0.4 and it was suggested that a representative value of 0.3 he adopted for 
the combustion of ordinary organic materials burning in air at ambient temperatures. 
Larger values of tP indicate that a flame can withstand a higher degree of cooling 
without being extinguished; however the presence of steam will tend to reduce both the 
burning rate and the fraction tP returned to the fuel. It is therefore necessary to take 
account of the effect of the cooling water, through the production of steam, on the 
decomposition rate rh;' close to the firepoint. Although values of "'r were proving 












is a factor of 15  times greater than the corresponding value for kerosene given earlier 
This value was derived by assuming values of 0 27 and 4 kW m"2 for ; and R. 
respectively in conjunction with the critical water application rale of 1 6 g mol S·l found 
from crib fire experiments performed by Bryan in 1945 (Reference 123) Overall it was 
concluded that the firepoim principle provided a simple approach to the problem of the 
extinction of fire, although problems such as the interdependence of the parameters and 
their tirne-dependent behaviour would require funher consideration 
8eyler (Reference 124) extended the firepoint analysis to include both solid and gas 
phase effects, enabling extinction mechanisms other than surface cooling of the solid fuel 
10 be modelled, the additional mechanisms included gas phase dilution, chemical 
inhibition of flame reactions and endothennic agent decomposition The motivation for 
the study was to develop a unified framework for the inter-comparison of various 
extinguishing agents, the 'unified model' of fire suppression was expected to be of 
particular benefit in assessing the effectiveness of new agents proposed as replacements 
for 'environmentally objectionable suppression agents' At the point of flame extinction 
by water application, Deyler expressed the firepoint equation as, 
h ( Y. H (0 )) . 
(#I-,1,)-;-ln h 0, ; , +Q;:-Q,-� = O  (72) 
where Ya, is the oxygen mass fraction and HR(Ol) is the heat produced per unit mass of 
oxygen consumed in the combustion reaction (= I3 kJ g-I for organic fuels) It can also 
be seen in equation (72) that the heat losses due to re-radiation (elL) have been 
separated from those due to the evaporation of water (Qw) In order to simplify the 
application of the above expression. Seyler observed that most of the terms are material 
fire properties or may be assumed constant for a given fuel surface orientation 
According to Seyler, for a particular material and fuel surface orientation H,A.f.h,C and 
HR(�) may all be taken as constants 
Having defined the firepoint equation thus, Seyler described a conceptual procedure for 
evaluating the 'suppressibil ty of materials' A data set is required from a series of 
experiments where material samples are exposed to various levels of constant extemal 
radiative heat flux while being subjected to a known application rate of water_ For each 
value of radiant flux, a range of water applicalion rates must be used in order to 
detennine the minimum rate required for extinction, m�... Having obtained these data, a 
plot of <LE as a function of �: ... can be constructed, as depicted in Figure 24 The 
straight lines which result from the plot have a slope of c .. A. .. , where Cw is the (non­
dimensional) cooling efficiency of the water applied and A... is the latent heat of 
vapourisation of the water per unit mass (J_kg-I) The parameter Cw is expected to 
depend on the degree of penetration achieved by the spray and will be approximately 
constant for a given experimentaJ arrangement 
The heat lost in evaporating the water may be found using the expression, 
(73) 
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and the x-axis intercept C is given by the expression, 
(1fH - Ar ) !!. In 1 +  
fo, HR (01) - QC 
C = ______ c __ � ___ IfH ____ � __ CwA.w (74) 
which is the water application rate required to extinguish the flame in the absence of an 
external radiative heat flux. The main features of the analysis may be illustrated with 
reference to the typical plots for 'material A' and 'material B' in Figure 24, where the 
former is characteristic of common thermoplastic materials (Reference 124). The 
intercept, C, is seen to be positive for material A which indicates that this material will 
continue to bum in the absence of external radiation and that a finite application rate of 
water is required to extinguish the flame. In contrast, material B exhibits a negative 
value of C, indicating that the material cannot burn without external heating. The 
minimum radiative flux required to sustain burning is equal to the y-axis intercept, given 
by -C(cwAw ) (kW.m·l) Beyler suggested that the best method for ranking the 
suppressibility of materials would be to compare values of C found by this method; the 
more negative the value of C, the better is the performance of the material in tenns of its 
'suppressibility' .  It was also noted that the slope of the lines (cwAw) is not material­
dependent and that in principle, if Cw is known for a given experimental configuration, 
then experiments at only one value of QE are required. The one caveat to this argument 
is that the chosen QE value should be near the minimum at which buming can be 
achieved in order to minimise the extrapolation to QE = O. The form of equation (72) 
also suggests that extinguishability tests should not be performed at excessively high QE 
since this term would then overshadow the material-dependent term. Taking this . . 
argument to the limit gives an approximation to equation (72) as QE -QW = 0 which 
implies that all materials would be 'equally suppressible' under these conditions; the 
main function of the water is the absorption of external radiation not the heat feedback 
from the flame itself (Reference 124). 
Beyler also demonstrated how the firepoint principle could be further extended to model 
the efficiency of so-called 'flame extinguishing agents' such as diluents (e.g. nitrogen) 
and chemical agents such as Halons. Several important differences between the action 
of these agents and that of water were described; however, it was stressed that for 
water-based suppression of solid fuel fires, the dominant mechanism is fuel cooling 
rather than flame extinguishment. Reference 124 also includes suggestions for the 
development of a small-scale test methodology based on the unified suppression model, 
using either the FMRC Flammability Apparatus or the ISO Cone Calorimeter device. 
The interpretation of the test data for flame agents was shown to be far more difficult 
than for fuel surface agents such as water. Although the models performed well using 
existing data from the literature, a need was identified for further 
. 
work to 


















6.1,) Thermal theory of solid fuel extinguishment - fuel surface cooling 
Fuchs (Reference 125) also considered the process affire extinguishment in terms of the 
removal of heat from a burning solid. Although the approach shared some similarities 
with the firepoint model described in Section 6 1 2, Fuchs employed a mort analytical 
technique 10 model the transient, one-dimensional temperature field within an isotropic, 
semi-infinite solid (Figure 25). For this geometry, the three-dimensional Fourier 
differential heat conduction equation may be reduced to the form, 
(75) 
where p and k are the density and thennal conductivity of the fuel. respectively and c is 
its specific heat capacity; in addition the mass 1055 per unit time, the flame temperature 
and the surface temperature are assumed to be constant. Under these conditions, the 
temperature field within the fuel, prior to the application of water, is given by the 
analytical solution to equation (75), 
(76) 
where T�, r., are the ambient and surface temperatures respectively (K) and v is the 
velocity of burning of the surface (i.e. the regression rate of the surface in the x­
direction). During this initial period, the rate of heat released to the environment was 
assumed to be, 
(77) 
where H is the heat of combustion of the volatiles and Qf is the rate of heat transfer 
from the flame back to the fuel surface (W); the similarity between this expression and 
the heat balance equation (64) is apparent. In order to achieve flame ex:tinguishment, it 
was assumed that the surface temperature would have to be reduced below the 'ignition 
temperature' {TJ by the removal of heat from the solid phase at a rate Q2 while at the 
same time aJso removing the heat produced by combustion, 0\ A somewhat complex 
analyticaJ expression for Q2 was obtained by solving the model for a zero temperature 
gradient fuel surface boundary condition. 
A solution of the model for the case of fire ex:tinguishment by water application was 
found by assuming the water to be 100010 effective in abstracting the heat from both the 
flame ({[\) and the fuel bed (Q2); however, the detailed heat transfer mechanisms 
discussed in Section 5.3 were not considered The thennaJ energy absorbed by 
evaporating I kg of water, initially at 20 °C, was taken to be 2592 kJ and the water 
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(79) 
(80) 
with Iz being the time at which surface flaming ceases and I, the time at which 
extinguishment is complete. During the first phase, the mass of water evaporated (mw ) 
, 
both cools the fuel by heat transfer (0.2) and abstracts heat produced by combustion 
(0.) In the second phase, the mass of water evaporated ("'w ) reduces the surface 
, 
temperature to below the ignition point. In order to test the model's predictions of the 
extinction of wood fires by water, some small scale experiments were performed to 
gather data on the combustion rate of the surface, v, and the thermal diffusivity, 
a = k/ pc ,  in equation (76) From the results of 20 tests, a value for v of 0.325 ± 0.02 
mm.min·) was established, while it was found that the thermal diffusivity was strongly 
influenced by the degree of decomposition suffered by the wood during combustion. 
Values for a were found to increase typically from - 2.86 x 1 0" cm2.s·1 for wood to - 5 
X 10.3 cm2.s·) for charcoal. Using these variations in a, the temperature development in 
the wood was calculated from equation (76); it was found that, prior to the application 
of water, the temperature in the fuel increased with the degree of decomposition as a 
result of the increasing thermal diffusivity. Consequently, the 'heat current' required to 
be removed from the fuel bed (0.2) also increases with the burning time. Fuchs also 
noted that the time interval from the start of water application to the point where the 
fuel surface temperature drops below Tz is critical in determining the ultimate quantity of 
water required since the reaction heat (0.) must be dissipated in addition to cooling the 
solid phase. The model indicated that the water requirement grows more or less linearly 
with the time taken to arrest the combustion reaction; hence the water requirement is 
also proportional to the duration of the fire. The practical significance of these two 
effects is that during the first phase of extinguishment, the flames must be knocked down 
as quickly as possible in order to halt the combustion reaction; this phase must then be 
followed by fuel cooling to prevent reignition. 
Fuchs' model was also compared with the findings of earlier full-scale room fire tests 
where it had been established that an average of - 95 I of water was evaporated during 
the extinguishment of a typical furniture fire with water or foam; the volume of water 
vapourised was found to be independent of the method of application (different types of 
jet-pipe). Despite the variation in agent, delivery mechanisms and the resulting 
extinguishing times, the volume of water evaporated varied only slightly from the mean 
value of 95 litres; it was calculated that - 38% of the water was required to take up the 
heat of combustion with the remaining 62% being required to cool the fuel to below its 
ignition temperature, Tz. For a fuel surface area of - 40 m2 the corresponding 
application rate was - 1 . 6  l .m·2 until the fire was extinguished. Assuming a thermal 














application rate for fuel cooling of - 1 S I  m-l in the time rangc of2 minutes, for a higher 
a of 5 x 10-J cm2 S·I (charcoal), the: predicted application rate was higher, at - 2 6 I m-2 
Given that the furniture in the test room was about 40% consumed, Fuchs (Reference 
125) supposed the experimental fuel characteristics during extinguishment to be close to 
those of charcoal It was concluded that '. good degree of concurrence' existed 
between the model predictions and the fuU-scale tests, even though the experiments 
employed different extinguishing agents and delivery rates 
6 1 4 Models of name suppression and extinction - flame cooling. diluting and inerting 
The theories described in Sections 6 I 2 and 6 1 3 are based solely on the physical 
mechanisms which induce cooling of the solid fuel phase in Class ' A' fires. bowever the 
imponance of knocking down flames (gas phase combustion) during fire-fighting was 
also stressed in Section 6 I 3 The present Section describes some of the modelling 
work which has been carried oul in this area 
In general, models of fire suppression based on flame cooling employ the heat transfer 
concepts described in Section 5 3 2 The particular model developed by Rasbash 
(Reference 44) is described in some detail in that Section and is typical of the approach 
adopted by other workers Using this model, Rasbash was able to categorise the 
extinguishment effectiveness of water sprays in terms of two semi-empirical non­
dimensional parameters the 'spray beat transfer number' (NH) and 'spray force number' 
(N,). where, 
xv N. = -­
mH 
and 
p .' N, = .I ,��'''-';-(P. -Pr)gr 
(81) 
(82) 
and X is the 'heat transfer capacity' of the spray (W mol), defined by equation (5 I) in 
Section 5 3.2. Here, the variables V, m, H represent the flame volume (ml), the burning 
rate of the fire (kg S·I) and the heat of combustion of the fuel (J kg.I), in addition, g is 
the gravitational acceleration (m S'l), x is the flame height (m), P. and Pr are the 
densities of the air and flame respectively (kg.m·) and v, is the velocity of the entrained 
air current (m S'I) 
The first of these parameters, NH, represents the ratio of the rate of heat absorption by 
the spray to the rate of heat production by the fire whil e N, is proponional to the square 
root of the ratio of the downward force of the water spray to the upward force of the 
flames The analysis of experimental Class '8' pool fire extinction data in terms of NH 
and H, showed that reliable extinction was achieved only when these parameters were 
greater than 0 4  and 0 7, respectively. From these results, Rasbash (Reference 44) 
concluded that the controlling influence of spray heat transfer in the extinction process 
88 
had been confinned. It was also found that, in general, the extinction time decreased as 
both NH and NF were increased, although the influence of the latter was the greater The 
reason why the extinction process depends so strongly on NF is that this factor 
determines how well the spray can penetrate the flame, particularly to those regions of 
the flame in close proximity to the fuel surface. In the experiments reported in 
Reference 44, it was found that the penetration of the lower fraction of droplet sizes into 
the flames was extremely limited in some cases, thus restricting the cooling capacity of 
the spray to the upper - 10% of the flame height. In the case where x - I m, and 
upward flame velocities were in the range 2-4 m.s-', it was found that 'only a very small 
fraction' of the sprays with mass median drop size less than 500 �m could penetrate to 
the burning liquid. Consequently, the sprays were able to abstract heat very effectively 
from the uppennost flame zone, comprised mainly of combustion products, but not from 
the base of the flame or from the fuel gases entering the combustion zone. 
In considering the extrapolation of the above correlations to other fire suppression 
situations, Rasbash expressed some reservations concerning cases where the spray 
application was other than vertically downward onto the fire. Under these 
circumstances, it was suggested that the factor NF should be replaced by a parameter 
which expressed more directly the ratio of the spray penetration into the flame and the 
characteristic flame dimension. Regarding the spray heat transfer number, NH, it was 
stressed that this parameter was calculated in tenns of the fire condition existing before 
the application of the spray. In reality, it is probable that additional air would be 
entrained by the water spray, which would tend to promote more intense combustion, 
thus the suppressive effect of the spray would tend to be decreased through the resultant 
reduction in NH. 
Kaleta (Reference 88) also developed a model of fire suppression by water sprays, based 
on the mechanisms of heat and mass transfer between the droplets and the gas phase. 
The contribution to fire suppression by oxygen displacement was considered to be of 
secondary importance and was not considered in the model fonnulation. In accordance 
with other workers, Kaleta noted that smaller droplets evaporate more easily and hence 
are advantageous in that they increase the theoretical heat absorption rate of the spray as 
it interacts with the flame zone or the fuel surface. In practice however, the 
effectiveness of fine sprays is reduced as they are liable either to be partially vapourised 
before reaching the flame or depleted by convective flows. Kaleta concluded therefore, 
that there exists a limiting degree of atomisation beyond which the firefighting 
effectiveness of a water spray is diminished; the theoretical model was used to determine 
the droplet diameters which would ensure the optimum extinguishing effectiveness of 
sprinkler systems. 
Briefly, Kaleta's model divided the problem into two zones: the zone between the spray 
nozzle and the top of the flame zone and the 'flame zone', comprising the burning 
surface and the entire luminous combustion zone. The model was phrased in terms of 
the usual mass and energy balances and included expressions for the laminar or turbulent 
flow around a falling (spherical) droplet. Any heat absorbed by a droplet from the gas 
phase in the upper zone was not considered to contribute to the extinguishing effect of 
the spray; the latter was characterised by the rate of heat absorption from the seat of the 





















against the initial droplet diameter (m) of the monodisperse spray, where the depth of 
the upper layer (H), temperature of the upper zone and the temperature of the flame 
zone were varied from 1-7 In, 373-493 K and 1273-1473 K respectively For all values 
of H, the data showed a distinct maximum value (or 'peak') for rate of beat absorption 
associated with a panLcuiar 'critical' value of initial droplet diameter; the heat 
abstraction rate was observed to fall away for diameters either larger or smaller than the 
critical diameter For given ambient and flame temperature values, the value of critical 
diameter was seen to decrease with decreasing 'path length' H. with a corresponding 
and significant increase in the rate of heat absorption The effectiveness of a given 
droplet size was found to be bener when the temperature of the upper zone was reduced 
and that of the flame zone was increased Based on the study. Kale!a concluded that 
initial droplet sizes in the range 300-900 � produced the best extinguishing 
performance, depending on path length and the prevailing thermal environment 
The distinction between premixed flames and diffusion flames was made in a previous 
FRDG report (Reference 5), where it was asserted that the fires of interest to the Fire 
Service comprise large-scale diffusion flames. The concept of the Damkohler number, 
QJ" in relation to the stability of diffusion flames was also introduced in Reference 5 The 
Damk6h1er number is defined as the non-dimensional ratio of a physical timescale to a 
chemical timescale, 
(83) 
where T. is the 'residence time' of the fuel vapours in the reaction zone while r� is the 
chemical reaction time, I.e. the effective duration of the reaction at the temperature of 
the flame (Reference 6) The Damkohler number has been used by several workers to 
characterise the various regimes of combustion. and in particular to explain the 
discontinuous behaviour associated with the processes of ignition and extinction of 
flames (References 6, 126--129) 
Fendell (Reference 126) described a mathematical model of 'stagnation point' diffusion 
flame combustion arising from the axisym.metric opposed flow of gaseous oxidiser and 
fuel streams, the circular flame sheet predicted to exist in the stagnation plane for this 
geometry is routinely studied experimentally using a 'counterl1ow diffusion flame 
burner' (described in Reference 5). Fendell modelled the gas-phase combustion reaction 
between initially unmixed reactants, assuming 'one-step' chemical kinetics (Reference 5) 
and inviscid, incompressible flow The flow of fuel was assumed to originate from a 
solid or liquid reservoir, defined in the model as a 'wall' of constant temperature (equal 
to the boiling or sublimation temperature of the fuel) The model was phrased in tenns 
of the usual conservation equations for fluid continua, VI: mass, momentum, species and 
energy The effect of variations in Damkohler number on the flame character was 
investigated by solving the model over a wide range of Qf solutions were expressed in 
tenns of the radial and axial distributions of temperature and chemical species (fuel 
fraction and oxygen fraction) 
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The DamkOhler number was defined as the ratio of the time taken for a fluid particle of 
reactant to traverse the combustion zone to the time for a reaction-inducing collision to 
occur, For small 0, the level of chemical activity is low and the solution corresponded 
to nearly 'chemically frozen flow' For very large, but finite, 0 a narrow region of very 
intense combustion was predicted with maximum temperatures slightly lower than the 
adiabatic flame temperature (Reference 6), At intermediate values of 0 ,  Fendell 
(Reference 1 26) had to employ a numerical solution technique in order to circumvent 
certain 'intractable non-linearities' arising from the strong coupling between convection, 
diffusion and chemical reaction within the flow; numerical data for the acetone-air 
reaction were adopted during these simulations, The functional dependence of 
maximum temperature (T .... ) with 0 is illustrated in Figure 26; although this figure is 
taken from Williarns' later paper (Reference 1 27), the form of the plot is identical to that 
given by Fendell. According to Fendell, the middle branch (2"" 'branch in Figure 26) 
represents an inherently unstable physical state which is rarely observed; a system in this 
condition is expected to move rapidly towards either the weakly-burning state (I­
branch) or the strongly-burning state (3"' branch). Both of the latter two states are 
stable and are normally observed, Ignition was defined as a sudden transition (or 
'jump') from the weak branch to the strong branch; in this case the preferred state 
changes abruptly from negligible combustion to intense combustion as 0increases, for a 
system on the lower branch, Conversely, as 0 decreases for a system on the upper 
branch, there is an increasing propensity for a sudden jump to the lower branch if the 
system is subjected to a large enough perturbation; this sudden transition to the weakly 
burning state is extinction, 
Williams (Reference 1 27) proposed a unified model of fire suppression based on a 
consideration of the Damkohler number. Some potential advantages of this approach 
were anticipated, namely: the possibility of obtaining an improved insight into the 
suppression process and the potential identification of new fire suppression techniques, 
The Damkohler number in this instance (0) was defined as, 
(84) 
where I is a characteristic length scale (m), D is an appropriate diffusion coefficient 
(m2,s" ), CF and Co are the local concentrations of fuel and oxidiser respectively (kg,m''), 
A is the pre-exponential constant «kg,m,3)' ....... ,s,'), E is the activation energy (J, kg" ), R 
is the universal gas constant (J.kg"I K') and T is the local temperature (K), Since 
equation (84) represents an approximation to a complex chemical kinetic scheme, the 
constants A, E, m and n must be determined empirically (Reference 127), Williarns 
observed that the quantities CF, Co and T all vary substantially from point to point within 
a fire, which implies that D is also a variable, In order to make D a constant for a given 
fire, Williams suggested two alternative strategies, The first involved the evaluation of 
D at the centre of a flame, at a point of maximum temperature; the resulting constant 
was termed the 'flame-zone Damkohler number', D._ The alternative, more practical, 
definition was termed the 'boundary Damkohler number' (Dt,); here, values for T and CF 
were evaluated for the gas at a point on the fuel surface while that for Co was taken from 
the ambient air, Since the term EIRT is so large, it was shown that the two Damkohler 
numbers were related approximately by 0., - D.exp(EIRT.-EIRT.), 













The variation of the non-dimensional maximum temperature (T..)as a function of D. 
and � is shown in Figures 27 and 26 respectively The general fann of Figure 26 has 
been discussed previously. however Williams developed the argument relating to fire 
suppression beyond that initially suggested by Fendell (Reference 126) Williams 
stressed that it was imponant not only to extinguish the fire, but to ensure that it was 
not subsequently rekindled With reference to Figure 26, if the value of � for a burning 
system is lowered below the extinction value (DE), then the only physical state possible 
is a non-buming one on the )01 branch From this condition however, if the value of 0.. 
is raised above the critical value for ignition (0.), then the only stable state corresponds 
to steady buming on the 3N branch In practice then, it is necessary to first reduce 0.. 
below � and then prevent 0.. from subsequently increasing above �, where reignition 
occurs Williams stressed that the mode of action of the suppressant was crucially 
important in this respect, agents which removed the supply of fuel vapour during 
suppression automatically ensured that � < Or On the other hand, chemical agents 
were often very effective in initially reducing � below � but sometimes could not 
prevent reignition due to a subsequent increase in 0.. above Or In order to provide a 
quantitative framework for the above discussion, Wtlliams defined the critical 
Damk6hler number corresponding to incipient flame extinction (DE) as, 
(85) 
so that the critical inequality to be satisfied for flame e)C{inction �<�) becomes, 
(86) 
where C is the average specific heat capacity of the gas (lkg-' KI), T 11 is the absolute 
flame temperature in the limit of infinite DamkOhler number (K), � is the heat released 
in the gas-phase combustion reaction per unit mass of fuel consumed and It is a system­
dependent constant whose value is typically - 10-] (Reference 127) A qualitative 
correspondence between equation (86) and the known mechanisms of fire 
e)C{inguishment was described by Williams. Cooling a Class ' A' fuel reduces the flow of 
volatiles into the combustion zone and hence reduces en. while cooling of the fuel or the 
flame zone reduces TII, which has a major effect on the exponential factor, exp(-EJRT,,) 
Removing the oxidiser or reducing the concentration by inening the atmosphere tends to 
reduce COt> and chemical inhibition slows down the chemical kinetics which is reflected in 
a reduction in A 
In the case of Class ' A' fire suppression by water application, Williams concluded that 
the most effective method of using water is to promote direct cooling of the solid fuel 
itself, which in addition to encouraging flame extinction also helps to prevent reignition 
Rasbash's 'rules of thumb' extinction criteria of reducing the flame temperature below 
1580 K., or extracting from the condensed fuel 2500 cal.g-1 (- 10 5 J kg-I) of fuel 
gasified (Reference 43) were seen by Williams as approximations to equation (86) 
Williams concluded that the way water affects the parameters in equation (86) is 
complex and more thorough modelling studies were required to achieve a definitive 
understanding of the mechanism It was also suggested that the validity of equation (86) 
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should be tested quantitatively by conducting experiments wbere fires were extinguished 
by different techniques. In a later review of flame extinction (Reference 128), Williams 
considered the fundamental criteria for the extinction of laminar diffusion flames by inert 
materials (e.g. water, carbon dioxide and nitrogen). This paper included a wide-ranging 
discussion of the factors affecting the Damk6hler number at flame extinction for 
diffusion flames associated with 'condensed-phase' (i.e. solid and liquid) fuels. For a 
range of complex fuels, the adiabatic flame temperature at extinction was shown to lie in 
the range 1 700-2300 1(, significantly higher that the 1 580 K limit proposed by Rasbash 
as a general extinction criterion (Reference 43). It was concluded that the 1 580 K figure 
was conservative in that it is usually sufficiently low to assure extinction. 
Corlet! and Williams (Reference 1 30) described a modelling framework for direct 
suppression of open fires with the empbasis on water application as the primary means 
of suppression. The intention was to derive a quantitative measure of the deviation of a 
fire from its undisturbed history, as a function of the type and extent of suppressive 
action taken; suppression was defined by these workers as ' . . .  a reduction in the severity 
of an unwanted fire, eventually leading to its extinction in most cases . . .  ' .  A 'horizontal 
coherent length of flaming', L, was introduced; successful suppression being viewed as a 
reduction in L below a critical value. After discussing the many inadequacies in the 
contemporary understanding offire physics, a 'middle path' was chosen between a self­
contained theoretical treatment and a wholly empirical model. The model was 
constructed around two key variables: the average value of f1ame-to-fuel energy 
feedback, q, and the volumetric evolution flux of gasified fuel, u. Only 'open fires' were 
considered, these being defined as situations where the combustion is sufficiently free of 
enclosure effects that oxygen starvation is impossible; the aerodynamic and heat transfer 
effects of walls or other obstacles were similarly excluded. illustrative dimensions for L 
were given as a few millimetres for a burning match to - 2 m for an intensely burning 
bonfire and it was observed that all fires are coherent on some length scale L. Coherent 
flaming on a length scale L was said to occur ' . . .  if the visible and sensibly hot gas 
regime persistently extends throughout a volume whose horizontal dimensions are at 
least L . . .  ' .  From a consideration of the mass and energy balance above a condensed­
phase fuel bed, a coherence criterion was expressed in terms of a critical Froude number, 
Fr
'
; the non-dimensional Froude number is conventionally used in the study of buoyant 
flows to express the ratio of inertial forces to gravitational forces. The mathematical 
descriptions of coherency, energy feedback and fuel bed response were combined to 
form a practical suppression criterion, based on the occurrence of a minimum mean 
'flame' temperature, 
(87) 
where Te is the extinction temperature of the thin reaction zone ( 1 580 K), T., is the 
ambient air temperature (- 293 K) and 1]' = 0.5; thus r; '" 940K. Although it was 
indicated that quantitative information could be obtained from the model on the basis of 
existing knowledge, Corlet! and Williams (Reference 130) identified several areas where 
more detailed experimental measurements were desirable. Avenues for possible future 
investigation included: evaluating the effect of suppression on the radiant feedback to 
















SUppressant action and obtaining information on the 'unmixedneu' within the turbulent 
diffusion flames 
Discussion of the above modelling strategies was reported by Levine (Reference i31) in 
the US, the discussion group involved researchers from the National Bureau of 
Standards' Centre for Fire Research (now NlST), Factory Mutual Research 
Corporation, the Naval Research Laboratory, NASA and the Federal Aviation 
Authority Some existing theories were reviewed and the view was expressed that the 
various models had not yet reached a realistic, usable stale, I.e. the technology was 
immature It was also ventured that empirical fire extinguishment models might be more 
appropriate than a ·first·principles' theoretical approach, since the former was more able 
to incorporate the practical distribution of water resulting from the actions of a fire­
fighter Much of the work discussed in Reference 131  refers to experimental studies 
which are considered in more depth in Section 7 of the present report 
Recent investigations of fire suppression using mathematical models have favoured the 
'first·principles' approach, and in panicular have exploited 'Computational Fluid 
Dynamics' (CFD) techniques of the type employed to study the fire-plume interaction 
problem (Section 5 2 2, References 52·57). The National Fire Laboratory in Canada 
have used the CFD technique to simulate the suppression of enclosed liquid pool fires 
(References 132, 133) Hadjisophocleous et a/ described numerical simulations 
performed using the 'T ASCtlow' CFD code as a supplement to a series of fulI·scaIe 
tests on the suppression ofheptane pool fires by water mist (Section 7) TASCflow is a 
general three-dimensional CFD code, capable of handling many types of laminar and 
turbulent flows; some advanced features include Lagrangian panicle tracking, radiative 
heat transfer and the ability to simulate reacting combusting flows. In order to 
reproduce the behaviour of liquid pool fires, a number of improvements were added, 
these included the coupling of fuel evaporation rate to radiative heat feedback and the 
injection of 100 drops (of various diameters) of water per computational time step The 
results confirmed the ability to predict the variation in water flux (kg m·2 5"1) impinging 
on the companment floor under non·fire conditions The CFD predictions of 
temperature profile and of heat release rate were also found to be in reasonable 
agteement with the experimental findings, the heptane pool fire could not be 
extinguished by a single water mist nozzle because the strongly buoyant fire plume 
effectively prevented penetration of the spray to region near the fuel surface. 
Mawhinney and Hadjisophocleous (Reference 133) discussed the emergence of an 
empirical understanding of how water mist systems work, or in some cases fail to work, 
based on a decade of intense research into fire suppression by fine water sprays It was 
stated that the level of understanding was still below that required to enable water mist 
systems to be designed from 'first·principles' A two-pronged approach was seen as the 
best way forward, specifically, a combination of full·scaIe testing and improved data 
analysis using CFD The use of the latter was advocated because the fire suppression 
problem is multi·variant and non-linear in nalUre, involving complex relationships 
between the fuel, water spray, companment geometry and the probability of 
extinguishment It was envisaged that by including field modelling (CFD) as a 
diagnostic tool alongside full-scale testing, the ultimate goal of obtaining a first· 
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principles design methodology for water mist fire suppression systems (WMFSS) would 
be realised sooner. 
6.2 Empirically-based models of compartment fires 
6.2.1 Compartment fire models in the absence of fire suppression 
Orysdale (Reference 6) noted that the early e><perimental work on compartment fires 
used wood cribs as the fuel bed, in order to achieve reproducible fire loads. However, 
the results from these tests inferred a strong dependence of burning rate upon the size 
and shape of the ventilation opening. This behaviour is not consistent with the observed 
fact that the burning rate in a confined situation is increased by radiative feedback from 
the surroundings. It was argued (Reference 6) that the burning of wooden cribs is a 
'special case', where much of the burning surface is effectively shielded from the 
surroundings and the burning rate remains relatively unaffected by the local thellllal 
environment . For 'real' fire loads, especially those involving non-cellulosic materials, 
there is no physical imperative for a strong coupling to e><ist between burning rate and 
the rate of air ingress. Orysdale (Reference 6) concluded that: 'Any realistic theoretical 
treatment of the post-flashover fire must consider rate of burning and rate of 
ventilation seporately.' 
Friedman presented a review of compartment fire research in 1975 (Reference 134), 
describing work conducted on both the pre- and post-flashover phases. In the case of 
the pre-f1ashover fire, the scientific goals were considered to be the prediction of the 
critical conditions at incipient flashover and the time from ignition to this point. The 
major concern in post-f1ashover fires was the ability to predict the magnitude and 
duration of the therrna1 load imposed on the structure. Friedman discussed some criteria 
for defining the onset of flash over and various scaling strategies to enable the 
e><trapolation of small scale test data. It was concluded that the flashover criteria were 
too simplistic to be generally applicable. Some scaling techniques used by Factory 
Mutual had achieved considerable success for certain geometries of enclosure, however 
the modelling of all fire phenomena simultaneously was deemed to be impractical. In 
order to model disparate combustible materials in enclosures, the use of the Spalding B­
number was advocated as a scaling parameter (Reference 135); this was to ensure the 
correct scaling of energy release per unit mass of fuel, the latent heat of evaporation (or 
'volatilisation') and the stoichiometric fuel-air ratio. 
Bullen (Reference 1 36) and Bullen and Thomas (Reference 1 37) developed analyses 
based on the separation (or de-coupling) of burning rate and ventilation rate. In the 
former, a series of steady-state heat and mass balances were conducted for compartment 
fires containing Class 'B' fuels. It was shown that the thermal conductivity of the wall 
(k) and the area of the fuel bed (Af) had the most significant effect on the burning rate, 
m. Sullen and Thomas (Reference 1 37) burned small scale liquid and plastic fuel fires in 
a 2 >< 1 x 1 metre compartment model with three different ventilation areas. It was 
confirmed that m depends on the ventilation area and the exposed fuel surface area, with 















increased A maximum value of lit was observed at some intennediate 'ventilation 
factor', A"JtA, and the absolute value of this critical quantity was found to be 
proponional to the fuel arca A,.. The importance of radiation as the dominant mode of 
heat transfer which determines m was also confinned by Sullen and Thomas (Reference 
137) and it was shown that the extremely high rates of burning of some non-celluJosic 
fuels could lead to f1ashover with values of Ar0nJy one·tenth of that required for wood 
Jones (Reference 138) reviewed different six state-of-the-art zone models of 
compartment fires in 1983 in an effort to define a framework for future research in this 
area Only three of the six models incorporated a fire source sub-model for the 
prediction of flashover and multiple ignition problems, the other models required the 
user to input the burning rate as a function of time Whil e  none of the models was 
entirely 'complete' in its fannulation. all contained features which could potentially be 
exploited in a more general model It was also concluded that all of the models suffered 
to some degree from weaknesses in their numerical schemes 
The post-flashover compartment fire model of Pettersson et al (Reference 139) has 
been discussed in some depth by Drysda1e (Reference 6) This theoretical model was 
developed as a design aid for assessing structural 'fire resistance requirements' and 
consequently assumes a time origin (to) corresponding to the inception of fully 
developed conditions; the thermal stresses on the structure during the pre-flashover 
phase are negligible in comparison, and are not considered in the model The 








rate of heat release due to combustion, 
rate ofheat loss due to replacement of hot gases by cold, 
rate of beat loss through the walls, ceiling and floor, 
rate of heat loss by radiation through the openings, 
rate of heat storage in the gas volume (ignored) 
(SS) 
Various simplifying assumptions are made within the model, including that of a unifonn 
gas temperature within the compartment, � , which is then solved for using equation 
(88). The model also assumes that the fire is in the ventilation-controlled regime 
throughout, and that tic remains at a constant value until all the fuel is consumed It is 
pointed out in Reference 6 that the fonner assumption will overestimate the burning rate 
if the fire is actually fuel-controlled Although more sophisticated models have been 
developed which allow the user to specify the burning regime and details of the fuel 
disposition (References 140, 141), it was argued in Reference 6 that there may be a case 
for the use of simpler models, given the many assumptions and uncertainties associated 
with compartment fire models in general 
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Pitts (Reference 142) has recently presented a review of compartment fire research in an 
attempt to characterise the formation mechanisms of carbon monoxide (CO) gas in 
enclosure fires; it was estimated that roughly two-thirds of all fire deaths could be 
attributed to the effects of CO. It was hoped that these recent data would lead 
ultimately to an improved understanding of CO formation, which would assist in the 
development of improved prediction techniques for existing life-safety hazard computer 
programs. A number of reduced-scale compartment fire tests were described which 
used fuels such as propane, hexane, natural gas, PMMA and wood as the fire source. 
The reduced-scale enclosure (RSE) developed by NIST was also described, together 
with some initial findings from experiments in this facility. Pitts analysed these 
experimental data, in conjunction with the results from chemical-lcinetics calculations 
and field-modelling simulations of the compartment flow-field (using HarweU's FLOW-
3D software), in an effort to produce a simple correlation between CO production and a 
single global parameter describing the compartment environment. The latter parameter 
was defined as the Global Equivalence RatiO, rpg , of the upper stratified hot layer. 
The 'GER' was defined as the ratio of the combustion product mass derived from the 
fuel to the mass introduced from entrained air, divided by the theoretical ratio required 
for complete combustion to the fuUy oxidised products CO2 and H20 (i.e. the 
stoichiometric ratio), therefore: 
rpg = 
mfud /m ... 
(mfud fm.ir )sloichiomet.ric 
(89) 
and was estimated by a variety of methods, depending on the experimental configuration 
(Reference 142). While some significant insights into the mechanisms of CO formation 
were obtained, the initial aim of the work was not realised since the validity of the rpg 
correlation concept was restricted to highly idealised fire scenarios which were 
unrepresentative of real compartment fires. Some of the more important factors were 
identified as the mixing and chemical effects due to multiple and disparate fuel sources, 
hot layer temperatures in excess of 900 K (630 °C) and the likely direct introduction of 
air into this layer via various 'ventilation pathways'. It was concluded that additional 
understanding of very complicated processes (including the direct entrainment of air into 
the upper layer, and the high-temperature pyrolysis of wood and other polymeric 
materials) was required before accurate predictions of CO production could be made for 
the most relevant compartment fires. 
6.2.2 Compartment fire models with fire suppression 
The use of CFD techniques to model the effects of fire suppression has been mentioned 
previously in Sections 5.2.2 and 6.1 .4; the models described therein are derived from a 
fundamental analysis of fluid dynamics and heat transfer. The present section considers 
models of compartment fire suppression which have a more empirical basis and are 
therefore more alcin to those described in Section 6.2. 1 .  Piettzak described the 
development and use of a physically-based (heat and mass balance) computer code 












improve the performance of suppression systems used by fire-fighters (References 143· 
145) It was anticipated that the theoretical approach, in conjunction with some 
experimentation, would lead to a better understanding of the fire suppression 
phenomena than had been possible from numerous disparate empirical data gathered in 
the past The so-caJled 'Fire Demand Model', or 'FD Model', focuses on the 
suppression of post-flashover charring and noo-<:hamng solid fuel fires in companmenls, 
using ponable bosereel systems 
Prior to the commencement of active lire suppression, the undisturbed compartment fire 
is modelled in the FD Model by the techniques described by Babrauskas and Wi1Jiamson 
(References 140, 141) The FD Model contains many additions to the basic 
compartment fire simulation, including the ability to handle both charring and non· 
charring fuels, complex room geometry (including various wall materials), ventilation 
conditions and the effect of water application A complete listing of the various input 
and output parameters for the FD Model is given by PietrzaX in Reference 143 The 
water spray is specified in terms of flow rate, pressure, volume mean diameter of drops, 
cone angle, 'sweep time' required for the stream to cover the companment interior and 
the fuel area fraction accessible to water impact The model assumes a suppression 
water inventory consisting of three components (1) an amount which fails to penetrate 
the fire plume and is convected out of the companment, (2) an amount which is 
vapourised in the companment gases and (3); the remainder, which impacts on the fuel 
and other surfaces (walls, floor etc ) in liquid form 
In the FD Model, water droplets of a given initial size are assumed to fall at a 
characteristic tenninal velocity and evaporate in a compartment of unifonn temperature 
and unifonn updraught velocity (vc) For given compartment conditions there exist two 
critical droplet diameters a lower value where the droplet tenninal velocity is equal and 
opposite to Vc and an upper value where the droplet is just capable of reaching the floor 
before evaporation diminishes its size to that susceptible to convection by the updraught 
Assuming a Rosin-R4mmIer drop size distribution (Section 5.1 .3), the data for single 
droplets is extrapolated over the entire droplet population to produce an inventory of the 
water spray distn"burion as shown in Figure 29 The fraction of water vapourised is 
assumed to cool the gas phase and the fraction lost is discounted The water fraction 
reaching the solid surfaces is re-distributed among the exposed areas, comprising the 
interior surfaces of the compartment and the fuel surfaces The suppression effect on 
the fuel is treated differently depending on whether the combustion is charring or non­
charring in nature (Reference 143) 
Pietrzak (Reference 143) found that the results from the FD model compared weU with 
the limited experimental data on the suppression of post-flashover fires with manually 
applied water sprays The minimum application rate of water required for effective 
knockdown of the fire (l min-I) was found to be strongly correlated with the volume­
median drop size, values for the fonner of 34 I min-I and 57 I min-I were predicted for 
volume--median drop sizes of 300 J.Utl and 700 J.Utl respectively An important point 
arising from the simulations is that the degree of control achieved by a given application 
rate is dependent upon the spray characteristics and on the fraction of the fuel area 
which can be reached by the water Fire control can occur by two distinct mechanisms 
direct cooling of the fuel or gaseous cooling of the compartment atmosphere The 
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fonner requires larger drop sizes to facilitate penetration through the fire plume while 
evaporative cooling is most efficient with smaller drop sizes. In practice the model 
predicts a minimum application rate for fire control which is a function of the exposed 
fraction of fuel area and also of drop size. If the exposed fuel area is small, fire control 
can only be achieved by gaseous cooling and there exists an optimum drop size 
corresponding to a minimum application rate; the optimum range quoted in Reference 
143 is 1 50-350 Ilm (Rosin-Rammler volume-median diameters). On the other hand, if 
the fuel surface is well exposed, the critical application rate for control is seen to 
decrease as the drop size increases; this is due to the lower evaporation and increased 
penetration and subsequent cooling achieved by larger water droplets. 
It was concluded that for post-f1ashover compartment fires where gaseous cooling was 
decisive for fire control (i.e. where exposed fuel areas were low), the application rates 
for fire suppression could be optimised by careful selection of the drop size 
characteristics. It was recommended that future simulations using the FD Model should 
incorporate empirical drop size distribution data from real fire-fighting sprays in order to 
improve upon the Rosin-Rammler approximation. The need for additional experimental 
verification work was also stressed. A comparison of the FD Model with some more 
recent full-scale experiments on the manual suppression of compartment fires was 
described by Pietrzak in Reference 145. Although reasonable agreement was found 
between the theoretical and experimental temperature histories within the compartment, 
an extensive list of future improvements to the FD Model was suggested; the general 
areas considered were the 'bum' model, the water vapourisation model and the 
extinguishment model. 
6.3 Summary 
The theoretical models discussed here fall into two broad groups: those which attempt 
to describe the suppression and extinction problem in some 'local' sense (e.g. in the 
environs of the fuel surface and/or within the flame zone) and those which fonnulate the 
problem as part of a larger physical framework, typically a compartment containing a 
fire. Some interesting predictions have emerged, notably from Fuchs' analysis 
(Reference 125) where it was estimated that some 62% of the water applied to a room 
fire was required to cool the fuel below its characteristic ignition temperature. The 
fundamental modelling approaches described in References 126, 127 and 130 are 
elegant, but require some effort to apply to practical situations. Unfortunately, it is 
generally the case that such theoretical models have been subjected to insufficient 
independent scrutiny and furthennore have been used to solve only the particular 
problems devised by their originators. In the course of the present study it has not been 
possible to perfonn a critical appraisal of these modelling techniques. It would be of 
interest, at some future date, to compare the predictions from these models against some 
of the more recently-published experimental data on fire extinguisbment. This would 
provide an independent assessment of the utility of the various modelling techniques and 














7. LARGE SCALE AND SMALL SCALE SUPPRESSION TESTS 
7.1 (dneraJ 
Fristrom (Reference 9) discussed the problems associated with the development of 
techniques for the evaluation of fire suppressants and their method of application The 
problem is complicated because of the great diversity in the types of fire, extinguishing 
agents and techniques of application, these difficulties are compounded by the need to 
specify the condition and rale of application of the agent. The use of laboratory test 
methods is favoured for reasons of economy and the degree of control which may be 
exercised on the test conditions However, the problems associated with scaling small· 
scale data to the full-scale situation are notorious, particularly in the case of combustion 
systems (References 146-148), Him (Reference 3) stated that 'a practical fire test is 
often the only convincing way of comparing the effectiveness of extinguishing agents " 
and described the construction of the empirical curves shown in Figures 30 and 31 
Figure 30 is obtained from the results of a series of tests where the extinguishment of a 
standard fire (e.g. a tray of flammable liquid or a wooden crib) is attempted by the 
application of an agent (e.g. water) at different rates; a plot of the extinguishment time 
against the application rate results in a curve of simil ar form to that shown in Figure 30 
In tests such as this there exists a 'critical application rate', below which the fire cannot 
be extinguished; there is also a minimum time to extinguishment, which for an 
experienced fire-fighter can be quite reproducible (Reference 3). Using the data from 
Figure 30, the quantity of agent required for successful extinguishment can be calculated 
from the product of the extinguishment time and the application rate. A plot of quantity 
versus rate (or 'QIR') curve is shown in Figure 31.  The critical rate for this plot has the 
same definition as before, but the 'optimum rate' and 'preferred rate' of agent 
application are also shown The optimum rate corresponds to the case where fire 
extinguishment is achieved using the minimum total quantity of agent. The preferred 
rate corresponds to a somewhat higher rate used by fire-fighters in practice, in order to 
assure successful extinguishment. While the optimum rate is more economical, its 
proximity to the critical rate makes it less than the ideal choice in practical situations; 
although the preferred rate may be some 3-4 times greater than the critical rate and 
hence less economical than the optimum delivery rate, the time to extinguishment will be 
less (Figure 30). 
Fristrom (Reference 9) wrote that it was customary in studies of fire extinguishment to 
express the application rate as a mass rate per unit area, for example kg.m·2 s"l in the 
case of powder agents (or more usually in the case of water, I.m-Z.s"l). It was pointed 
out that this practice tacitly assumes that the method of application, the agent's physical 
state and its degree of 'aggregation' are either standardised or unimportant and that the 
fire intensity is independent of the size In practical situations none of these assumptions 
are strictly valid however, and the specification of droplet or particle size distributions 
and other relevant physical parameters of the extinguishant and its application are 
required. The additional problems of scaling laboratory and field experiments to larger 
fires has also been mentioned in the preceding paragraph. Notwithstanding these 
important issues, much may be learned from well designed experiments on fire 
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suppression and extinction; the following sections provide a review of the more notable 
studies. 
7.2 Suppression tests on open fires 
7.2. I Fire suppression tests involving a range of fuel types 
Herterich (Reference 10) reviewed much of the experimental data on fire suppression 
published up to 1960. Some early work ( 1 933-36) was reported concerning the 
suppression of wood fires by the use of solid jets. The fuel was stacked as a 'heap' on a 
weighing platform and subjected to various water application rates. The success of the 
suppressive action was measured in terms of the magnitude of the 'fire residue', defined 
as the weight of fuel rescued from the fire. Two main points emerged from this study: 
firstly, the primary function of the water is to extract heat from the body of the fuel, 
therefore the water requirement depends on the 'heat content' of the fuel and not by the 
heat released in the products of combustion; secondly it was found that an increase in 
the pressure head of the jet did not increase the fire residue, contradicting the received 
wisdom regarding the superiority of so-called 'hard-jets'. In fact, it was found that 'soft 
sprays' were better absorbed by the wood charcoal. It was also found that for a burning 
rate of wood of I g.s" , corresponding to a heat release rate of - 3 kcal.s" , the fire could 
be extinguished with a water application rate corresponding to an evaporative heat 
extraction rate of only 0.085 kcal.s" , which supported the proposed extinction 
mechanism (i.e. fuel cooling). 
In the case of spray-jets, Herterich (Reference 10) noted that most of the early work had 
been performed using liquid fuels rather than Class 'A' materials. However, the 
laboratory study of fire extinguishment by water sprays conducted by National Board of 
Fire Underwriters in the US (Reference 149) included test fires of wood, in addition to 
petrol, kerosene and ethyl alcohol. The research objective was to determine 
experimentally, under controlled conditions, the mechanisms by which sprays of water 
droplets extinguish fires. Prior to the fire extinguishment tests, a total of 19  different 
nozzles were subjected to a quantitative performance appraisal; these included various 
simple orifice nozzles and an experimental impinging-jet impact nozzle. The droplet size 
distributions for each nozzle/operating pressure combination were tabulated on a 
frequency basis (showing the percentage of droplets occurring in a particular size band) 
and also on a cumulative basis (showing the maximum diameter of the droplets within 
the indicated percentage of the total. The 'mean diameter' of each spray was quoted in 
6 different forms, including the arithmetic mean, surface area mean, volume mean and 
Sauter mean values; these correspond to DIQ, D2J, D3I and D'2 in Table 3 (page 1 5). 
The individual droplet sizes were measured using a conventional compound microscope 
fitted with an eyepiece micrometer, the water droplets having been captured previously 
in a viscous medium (either castor oil or a mineral oil-petrolatum mixture). 
All of the extinguishment experiments were performed within a galvanised steel test 
chamber measuring - 0.9 x 0.9 x 1 . 5  m high (total volume - 1 .2 m
'). The base of the 
chamber remained sealed although the roof was removable; additional ventilation 













openings (0 3 x 0.3 m) were provided in each of two opposing walls Water sprays were 
applied to the fires either venically. from a point - 3 m above the centre of the base of 
the chamber (with the roof removed) or horizontally through an opening in the side wall 
250 mm above floor level In the case of the wood fires, rectangular pieces of white 
pine wood (l2 x 6 x 150 mm long) were used to construct cribs in the fonn of ISO mm 
cubes. with gaps of - 23 mm between the individual wooden strips The water was 
applied either vertically from above the fuel or horizontally from one side and in each 
case a pre-burn period of 10 minutes was pennitted before activation of the spray 
During four of the fonner series of tests, the top of the chamber remained open and the 
side vents were shut but in one case the enclosure was completely removed Only two 
tests were performed with the horizontally-applied spray and for these the top of the 
chamber was either open or provided with a vented cover and the side vents were 
closed. 
During the wood fire tests, flaming combustion was extinguished rapidly by the water 
sprays, apan from the small flames which persisted in the interior of the cribs Deep­
seated glowing or smouldering combustion, particularly in the crib interiors, was not as 
readily extinguished by the sprays and flaming combustion recurred frequently within a 
few minutes after the spray was shut off. The degree of confinement was found to be an 
important factor and water sprays were more effective when the top of the chamber was 
covered; in these cases very Jjttle water was required to effect extinguishment The 
fastest extinguishing times for both solid and liquid fuels were achieved using 
horizontally-appJjed sprays. For the petrol fires, droplets with mean diameters in the 
range 100-1 SO J.lm produced extinguishment when applied horizontally but failed to 
extinguish the fire when appJjed vertically downward, in the case of sprays comprising 
mean droplet diameters of the order 300 J.lm or more, there was a definite increase in the 
total amount of water required for extinguishment. Overall, the 'most suitable' droplet 
size was found to be between 300-400 J.lIll, defined as the volumetric mean diameter 
(D)() in Table 3, page IS). In addition, the critical application rate to ensure 
extinguishment of the fire was found to be between 0 1-0.2 gal.ft2.min·1 (- 4 I.m·1.min-l) 
The work of Rasbash (References 43, 44, I SO) on the suppression of liquid fires has 
been widely reponed in texts dealing with the effectiveness of water sprays In 
Reference 1 SO, a range of impinging-jet sprays with different drop size distributions was 
used against 30 cm pan fires of alcohol, benzole, petrol, kerosene (firepoint - 60-68 QC), 
gas oil (firepoint - 104-115  QC) and transfonner oil (firepoint - 175-180 QC) Five 
different sprays were employed, with volumetric mean diameters (DlO) in the range 157-
250 J.lIIl, corresponding to Sauter mean diameters (D12 in Table 3, page IS) of230-430 
J.lIll respe<:tively. The pre-bum time for the Jjquids varied from 1 second to 8 minutes. It 
appeared that the finer sprays promoted the most rapid extinction on volatile fuel fires 
(alcohol, petrol, benzole) whereas the coarser sprays were better suited to extinguishing 
the less volatile fuels (gas oil, transfonner oil). The experimental results were analysed 
by correlating the extinction time with properties of both the fires and the sprays. It was 
found that the extinction time was directly proportional to the droplet size of the spray 
but inversely proportional to the rate of water flow into the fire zone and also to the 
velocity of the air entrained by the spray. In other words, the most efficient sprays were 
those with the finest droplets, the highest rates of water flow and the highest velocities 
of entrained air It proved difficult to extinguish the petrol and benzole fires when the 
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pre-burn time was short; this was attributed to the relatively thin vapour zone which 
existed between the fuel surface and the flame base prior to water application. A thin 
vapour layer, of the order of boundary layer thickness, was associated with very stable 
flat flames which were not easily extinguished. Where a relatively thick vapour layer 
formed however, instabilities were present in the flame and it was suggested that one 
beneficial effect of increased air entrainment was to hasten the disruption of the layer, 
thus promoting the observed rapid fire extinguishment. 
In Reference 43, Rasbash discussed a series of experimental investigations on the 
extinction of fire; these were divided into two groups, according to whether the primary 
extinction mechanism was cooling of the fuel or cooling of the flame. It was noted that 
for experiments on room fire suppression, there remained some uncertainty as to the 
nature of the dominant extinction mechanism. For liquid fuels it was stated that the 
critical rate of heat transfer required for extinction of the fire by fuel cooling was 
controlled mainly by convection from the flame to the liquid rather than by radiation 
from the flame. In defining a critical application rate for the extinction of a wood fire, 
Rasbash cited the work of Bryan and Smith (Reference 1 5 1); this work was also 
summarised by Heskestad in Reference 1 52. The experiments involved a burning wood 
crib comprised of 51  mm square pieces of Corsican Pine (moisture content 12%) and 
with a total surface area of80 ft2 (7.2 m2). A single horizontal water spray impinged on 
the burning crib while it rotated about the vertical axis and the time to extinction was 
measured as a function of the application rate; in this manner the critical rate for 
extinguishment (m:;,c) was determined to he 1 . 7  g.m-2 s-1 for a 38% pre-burn (i.e. water 
application commenced after the crib had lost 38% of its initial mass). The extinction 
mechanism in this case was by cooling of the wood, as in Reference 149. Heskestad 
(Reference 1 52) also presented data for the critical water application rate found from 
experiments on wooden cribs (References 153-1 55) and vertical wooden slabs 
(Reference 1 56). 
Kida (Reference 1 53) applied a horizontal water spray manually to two sides of a 
burning wooden crib (Japanese Cedar, 12- 15% moisture content) and determined m:;,c -
2.5 g.m-2.s"1 (0. 1 5  1. m-2 min-1) Kung and Hill (Reference 1 54) studied wooden cribs of 
approximately zero water content and wooden pallets with moisture contents between 6-
10%. The cribs were constructed from sticks of Eastern White Pine measuring 17  x 17 
x 185 mm with 4 sticks per layer and a variahle number of layers (6, 1 1, 16). The 
wooden pallets measured 1 .22 m cubed and were of a similar wood. For the cribs the 
critical water application rate varied from 1 .9-2.4 g.m-2 s-1 for pre-burn values of 5% and 
20% respectively. For the fully-involved pallet fires a value for m:;,c - 2.5 g.m-2 s-l was 
found to apply for both 1 0% and 20% pre-bums. Tamanini conducted fire suppression 
trials on wooden slabs (Reference 1 56) and cribs (Reference 155). The dimensions of 
the former were 191 x 279 mm with thicknesses of 6.4, 12.7 and 19. 1 mm; a critical 
water rate of 1 .3 g.m-2 s-1 was found to apply. The wooden cribs were constructed from 
sticks of thicknesses 10, 1 3  and 19 mm; values for m:;,c of 1 . 5  and 3.0 g.m-2 s-1 were 













Stolp (Reference J 57) discussed how the critical application rate appeared to vary 
greatly depending upon the scale of the fire, these data are reproduced in Table 8 below 
Table S 
Variation of critical application rate with fire surface area (adapted from Reference 157) 





Critical rate of application for extinguishment (I min-I) 
UK USA Laboratory 
� 3� � 
- 2000 - 1700 180 
> 6000 - 8000 - 850 
The discrepancies between the expected critical ratcs obtained from the extrapolation of 
laboratory data and those observed in practice are typically onc order of magnitude, 
regardless of the size of fire Stolp described a laboratory investigation designed to 
clarify some of the issues involved Wooden cribs were burned on a rotating turntable 
anached to a balance and water was applied vertically downward onto the upper surface 
through a centrally-located nozzle The crib dimensions were 0 2 x 0 2 x 0.2 m or 0 4  x 
0 4  x 0 2  m. constructed of $licks which were 25 x 10 mm in cross-section. During 
these tests, a 35 kg crib with a surface area of I m2 and burning at a constant rate 
between 5-6 kg.min" was not extinguished by a water delivery rate of 0 85 I.min" 
Assuming a heat of combustion for the wood to be - 19 x 10' J kg" and the latent heat 
of evaporation ofthe water to be 2 5 x 10' J kg" , the vapourisation of water at this rate 
amounted to - �A. of the heat produced by the fire. It was stated that if water was 
applied at a rate sufficient to extract - 9-10010 of the heat produced then the fire would 
be extinguished immediately) For free burning fires, the criterion for extinguishment 
was expressed as M/I1W - 9-10, where M and I1W are the heat release rate by the 
fire and its abstraction rate by the formation of water vapour respectively (measured in 
the same units). For confined crib fires where the ventilation wu restricted, the ratio 
M/I1W was reduced to - 5-6 implying an increased critical application rate. This laner 
observation was used to infer that fuel bed cooling is the dominant extinguishing 
mechanism. The logic here is that if a confined fire was extinguished by oxygen 
displacement through water vapour production, then it would be expected that the 
critical application rate might fall, the significant increase in the energy fraction required 
to be removed by the water confirms that fuel cooling is vital 
Takahashi (Reference 1 58) also investigated the critical water application rate for the 
extinction of small scale wooden crib fires and defined the 'fundamental condition for 
the total extinction' as Re/gnlt/CHI lime � TIme requIred for sweepIng the e"tlre foel 
surface with water The test cribs were constructed of Japanese cedar (p - 0 4-0 5 
g cm..) with a moisture content between 9-13% The sticks were 3 cm square in cross­
section by 21 cm in length and were arranged four per layer in eight tiers, the crib was 
supponed on a load cell and the mass loss was monitored throughout the test. After 
ignition. the crib was allowed a variable pre-bum period and suppression commenced 
when the initial mass loss was either 200/a, 400/0 or 60% of the initial mass. Water was 
then app lied manually in a stream VIa a glass capillary and direcled towards the interior 
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of the fuel array. Extinction was judged to have been achieved when all glowing of the 
charcoal had been eradicated. The critical application rate for extinguishment was found 
to lie in the range 1 .2-3.8 g.m-'- s-I, assuming an inner surface area of the crib (excluding 
the 'vertical side wall')  of - 0.5 m2; it was noted that these rates agreed well with those 
reported in Reference 1 52 (i.e. 1 . 3-3.0 g.m-'- s-I). The actual value of critical application 
rate was found to vary with the amount of pre-burn and the method of application of the 
water; the rate increased in proportion to the degree of pre-burn and was lower when 
water was applied from the base of the crib upwards rather than from the top 
downwards. A simple model of the extinction process was also described, based on 
radiative heat transfer within the crib, which predicted a critical rate between 0.85-1 . 5  
·2 ·1 g.m .s . 
Scheffey and Williams (Reference 1 59) investigated the performance of low flow water 
hosereel systems, intended for use onboard ships where water delivery rates were 
limited. A preliminary assessment of the various hosereel pressure/flow characteristics 
was obtained through a series of extinguishment tests performed on various sizes of 
unconfined wooden cribs of types UL 10-A, 6-A and 3-A; the respective masses of the 
test cribs were nominally 1 87 kg, 96 kg and 57 kg and no attempt was made to control 
the moisture content of the wood. The hosereel consisted of a 1 5  m length of I .  9 cm 
diameter hard rubber hose fitted with a variable pattern nozzle delivering a nominal flow 
rate of 1 .9 1.s-1 The crib was mounted on four load cells and other instrumentation 
included standard video equipment, 1R imaging and two radiometers. 
After an initial pre-burn period of between 5-6 minutes, the firefighting attack was 
commenced by the branch operator, initially from a distance of I .  8 m and then freely 
from any position; the only restriction imposed was that water could not be applied to 
the rear vertical face of the crib. Extinguishment was deemed to have been achieved 
when visual inspection and 1R imaging showed no flames or 'hot spots' respectively at 
any point in the crib. A total of 26 crib fire tests were performed and the average mass 
loss rates for the 10-A, 6-A and 3-A fires were 250-320 g.S-I, 158 g.S-1 and 94 g.f1 
respectively. The hosereel system performance was assessed from graphs of fire control 
time vs. nozzle pressure, radiation attenuation versus nozzle pressure and 'water density 
to control' (1.m-2) vs. application rate (g.m-2.fl). The application rates used during the 
tests varied widely, from 1 7  g.m-2.s-1 (low flow, large crib) to 1 70 g.m-2.s-1 (high flow, 
small crib). The water application density required to control the fires was found to be 
fairly constant, at - 0.6- 1 .2 1.m-2, except in the case of the larger fires where the lowest 
application rates were used ( 1 7-26 g.m-'- s-I) or the nozzle was operated at - 4.6 m from 
the fire ('stand-off' tactic); in these cases the range of application density required was 
higher, at - 2.2-2.8 1.m-'- Overall, in terms of efficiency of water usage, a minimum 
nozzle pressure of - 1 . 5-2 bar (20-30 psig) and corresponding flow rate of - 45-60 
1.min-1 were recommended. For a nozzle flow of - 1 1 5 1.min-l, pressures below - 1 . 5  
bar were not recommended and delivery rates of - 45-70 1.min-1 were provisionally 
recommended for fighting post -flashover compartment fires. Class ' A' compartment fire 














The effectiveness of low pressure 'water mist' nozzles in extinguishing Class 'A' test 
fires was investigated in References 34 and 160 The FEU tests described in Reference 
14 comprised 13 fire tests, 1 of which involved heptane fires (of area I J m2) whil e  the 
remaining 6 involved wooden cribs (size 27 A to 855423) Four water mist nowes 
were tested on the Class ' A' fires, at operating pressures ranging from 7-250 bar and 
flow rates between 10-25 I min-· in general the crib fires were slowly extinguished by 
all of the systems under test with times ranging from - 2·SY.! minutes, the total volume 
of water required for extinguishment was generally between 44-67 litres (however in one 
case a total of 106 I was required) A comparison test wlS performed using a standard 
Fire Service hosereel operlling at 100 1 min-I and 20 bar; the fire was extinguished in 27 
seconds using 45 l ofwater The excessive extinguishment times produced by the mist 
nozzles were attributed to the low flow rates of the systems, although it was noted that 
the total water requirement was broadly similar to that of the hosereel branch 
Andrews (Reference 160) reponed the results of some preliminary fire extinguishment 
tests carried out by the Fire Research Station using various low pressure mist nozzles 
and wooden crib fires The crib consisted of 60 sticks, measuring 25 x 25 x 500 mm, 
arranged in 10 layers of 6 sticks, the overall dimensions of the array were 500 x 500 x 
2500 mm and the total mass was - 10 kg The fires were conducted beneath the hood 
of a '  ordtest fumhure calorimeter' so that the rate of heat release could be measured 
throughout the experiment, using this apparatus it was determined that the peak heat 
output ofa crib fire was - 350 kW, achieved at 3 minutes after ignition. Two different 
nozzle designs were tested a rotary atomiser and a hydraulic spray head consisting of 7 
individual hollow-<:one nozzles For tests with the fonner, a single spray head was used 
while for the laner an array of 12 nozzles was constructed A total of 6 test 
configurations were employed, with nozzle pressure ranging from 2·9 bar and flowrates 
from - 8-20 I.min'l None of the nowes tested were able to e)C{inguish the crib fire and 
this was anributed to the ' low mass flux of suitably sized droplets which were able to 
penetrate the fire plume ' It was suggested that the lack of confinement combined with 
the presence of the forced extraction system resulted in the very small water droplets 
and water vapour being removed from the combustion zone before they were able to 
exen their cooling and inerting effects, respectively, on the fire 
Bhagat (Reference 161) detennined the critical water spray application rates for the 
extinguislunent of 2 7 cm diameter charcoal cylinders buming in a venical orientation 
from the top downwards The initial effect of introducing fine unifonnly distributed 
water drops into a pre-saturated air stream impinging on the burning upper surface was 
the removal of the surface ash layer and an increase in burning rate Further increases in 
the water supply rate led to the quenching of the burning surface It was suggested that 
the removal of ash by fine sprays could be of critical importance in practice, if water mist 
produced by fire-fighting nozzles were to enhance the bwning rate of glowing charred 
furniture surfaces, thus increasing the radiative heat load In the room.. Bhagat 
(Reference 161) concluded that future research should address the two important factors 
which govern the combustion characteristics of actual fires, namely' the radiation from 
other burning surfaces and the vitiation of the air avail able for combustion 
The extinguishment of plastic fires by water sprays has been investigated by Magee and 
Reitz (Reference 162), Takahashi (Reference 163) and Vang et aJ (Reference 164) 
106 
Magee and Reitz perfonned extinguishment tests on four different plastics subjected to 
radiant heating. A unifonn water spray was generated by a single nozzle in each case 
and the test geometry was either a vertical slab or a pool fire; the steady burning rates of 
the materials were measured as a function of the external radiant heat flux both with and 
without the water spray. The plastics used were polymethylmethacrylate (PMMA), 
polystyrene (PS), polyethylene (PE) and polyoxymethylene (pOM); specimen 
dimensions were 1 78 x 356 x 50 mm (vertical slab) and 1 78 x 1 78 x 50 mm (horizontal 
pool). The droplet weight mean diameters for the two nozzles used were 1 .3 mm ( 1 300 
!lm) and 0.65 mm (650 Ilffi); assuming the water to be of constant density these values 
are equivalent to volumetric mean diameters (D3.). In the absence of fire suppression, 
all the materials displayed a linear, monotonic increase in burning rate (g.cm-'.s-') with 
increasing external radiant heat flux (ca!.cm-'.s-'). If the rate of water spray application 
was insufficient to cause extinguishment, tbis trend was repeated, but at a reduced 
burning rate for a given external heat flux. Put another way, above a critical radiation 
level a given water flow rate was only able to suppress the fire while below tbis critical 
radiation level extinguishment occurred. 
For each water application rate, curves of reduced burning rate and time to 
extinguishment were obtained; the time taken to extinguish the fire fell sharply as the 
external heat flux was decreased. A series of curves was constructed showing the 
critical external radiant flux as a function of the water application rate for the various 
plastics and configurations considered. For no external radiation, the critical water 
f1uxes varied from 1 .2 g.m-2.s·' for horizontal PMMA to 4.4 g.m-2.s-' for horizontal PE. 
When subjected to a radiant heat flux level of - 0.2 cal.cm-'.s-' (- 8.4 kW.m·2), the 
critical water rates rose to - 3 . 1  g.m-2.s-' and - 7.5 g.m·>' s-' respectively. Using the 
radiant heat flux data from large scale rack storage fire tests, Magee and Reitz 
(Reference 162) extrapolated the data for polystyrene to predict the critical water 
application rate expected under realistic conditions; at radiant f1uxes of - 1 . 5  cal.cm·" s-' 
(- 63 kW.m-2), the critical water delivery rate was 1 7.8 g.m-2.s-', some 10% greater than 
the delivery of contemporary automatic sprinklers. 
The particular problems associated with extinguishing plastics fires were also 
investigated by Takabashi (Reference 1 63), who stressed the importance of achieving 
early suppression. The study was specifically aimed at determining the burning 
behaviour, and suppressibility, of plastics arranged in three-dimensional structures rather 
than the simple slab/pool geometry examined by Magee and Reitz (Reference 162). To 
this end, rods of nine different plastics ( 1 5  mm in diameter by 330 mm in length) were 
used to construct three-dimensional cribs; the plastics used were: PVC (POlyvinyl 
chloride), PU (polyurethane), PC (polycarbonate), PF (phenol formaldehyde), PE 
(polyethylene), PMMA (polymethyl methacrylate), POM (polyoxymethylene), ABS 
(acrylonitrile-butadiene-stylene co-polymer) and PP (polypropylene). The rods were 
supported in 5 layers in a steel mesh frame with 6 rods per layer. Three foam plastics 
(PF, PS, PU), with and without flame retardants, were also tested as rectangular samples 
either singly (PU) or in small cribs (PF, PS). Following ignition of the test material a 
pre-bum delay of up to 5 minutes was allowed before application of water from a spray 
nozzle located 900 mm above the upper surface of the sample. Since the main aim of 
the research was to detemune the suppression of so-called 'wet water' 











Tlkahashi's findings is deferred until Section 8 of the present report Only the main 
conclusions regarding the effectiveness of plain water are considered here 
For the cribs made of plastic rods, a graph of extinction time against pre-bum time was 
ploned for a water delivery rate of 0 25 I m-2.s1 ( 15  I m'2 min'l), this showed clearly that 
the extinguishment time was proportional to the delay between ignition and the 
activation of the water spray for all the materials tested For a given pre--bum time the 
extinction time was found to increase in the following order PC, PF, PMMA, POM, PE, 
ABS, pp For the foam plastics, unretarded PF was found to burn 'exactly like wood' 
and plain water easily extinguished the exposed surfaces, however the deep-seated 
flames persisted until the rate of water application was increased A solid water stream 
proved more effective than a spray and this was anributed to the fonner's ability to 
penetrate deeper inside the densely-packed fuel array In the case of the unretarded PS 
and PU foams, both plain and wet water proved ineffective, and were only able to 
extinguish the flames on the exposed surfaces while the combustion proceeded unabated 
deeper inside the fuel. In general it was found that there were large differences in the 
extinguishing behaviour of plastics fires due to their different chemical and physical 
properues; Takahashi's tentative ranking of the increasing difficulty of extinguishment 
placed a 'wood fire' between PMMA and POM. In general low water application rates 
were found only to 'agitate' the combustion and extinguishment was only possible above 
a cenain critical rate. Unfononately a 'QIR' curve of the fonn shown in Figure 3 I was 
not given for these tests and the data were only presented for two fixed values of water 
application rate: 0,25 l.m02,soL (15 l.m02 min-L) and 0.38 I m'2 soL (- 23 Im-2 min-L) 
Takahashi's study is considered funher in Section 8, where the advantages of using 'wet 
water' are addressed. 
Yang et aJ. (Reference 164) reponed experimental measurements of the extinguishment 
times of small samples (50 x 50 x 20 mm) ofP� solid white pine and unretarded PS 
foam subjected to two different, low pressure, water sprays The samples were burned 
either in a horizontal orientation or at a 45° inclination beneath a conical radiant heater 
capable of supplying a heat flux of up to - 25 kW.m-2 on the upper surface of the 
sampleo After a preheating time of I minute the sample was ignited and following an 
additional I minute pre-burn interval the water spray was discharged venically 
downward through the central aperture. The choice of spray nozzles used in the 
experiments was influenced by Mawhinney et al,'s proposed classification system for 
water mists (Reference 24, Figure 10); Yang et al selected two average droplet sizes for 
their experiments, one of - 200 Il1Tl and one in the range 400-1 OOO �. The fonner was 
supplied by two commercial 'micronozzle arrays' with orifice diameters of 52 IllTl and 62 
IllTl and produced droplets with Sauter mean diameters (D]2) in the range 164-219 IllTl at flow rates of between 0.09-0.18 cmlos'L (54-10 8 x 1003 I min°L) The larger droplets 
(600 Jlm ± ISO Jlm) were produced by a Piezoelectric droplet generator; flow rates here 
were higher at 0 42-1 8 cm] .S-L (25-108 x 100) I min-L) The experimental parameters 
under investigation were listed as material type, water flow rate, level of external heat 
flux, nozzle size, sample orientation and separation distance between the nozzle and 
sample surface Extinguishment was defined as the point when visible flaming above the 
sample surface disappeared It was found that the extinguishment time generally 
decreased with increasing water application rate, approaching an asymptotic value at 
higher water flow rates Also, for a given flow rate. the time to extinguishment was 
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found to decrease with decreasing mean droplet diameter. An analysis of the expected 
'residence time' of the droplets in the flame zone suggested that water evaporation in 
the flame zone was negligible; hence fuel cooling rather than direct flame cooling 
appeared to be the primary extinction mechanism. However, it was stressed that the 
drop sizes produced by commercial, high pressure, water mist systems would be much 
smaller than those employed in the experimental study. This fact, and the increased 
nozzle-to-fuel distance, would tend to increase the residence times and hence the 
proportion of water evaporated in the fire plume. It was therefore concluded that in 
practice, the main suppression mechanism of water mist systems is likely to be flame 
cooling arising from the evaporation of the smaller droplet population. Given the 
importance of fuel cooling in Class 'A' fire extinguishment, it was recommended that 
future research should aim to characterise the nature of the spray near the fuel surface in 
order to better understand the complex heat transfer interactions occurring there. 
In many of the experiments described thus far, the 'rate of burning' of the test fire is 
expressed simply in terms of its rate of mass loss (kg.s-I ). In recent years however, the 
technique known as 'oxygen consumption calorimetry' has become the method of choice 
for determining accurately the heat release rate (HRR) during reaction-to-fire 
experiments (Reference 165). The method relies upon the accurate determination of the 
amount of oxygen consumed during the combustion process and requires measurements 
of both the total flow rate and the oxygen concentration within the exhaust gases. In the 
normal application of the method to free burning materials, the presence of a small 
amount of water vapour in the exhaust gases, due to ambient moisture in the combustion 
air in addition to that produced by the combustion reaction, may be allowed for in the 
data reduction formulae; there is no requirement to measure explicitly the water vapour 
content of the exhaust gases. Dlugogorski et al. (Reference 1 66) considered the effect 
of large quantities of water vapour on the reduction of oxygen calorimetry data, in order 
the assess the suitability of the oxygen consumption technique to the study of fires under 
water suppression. These workers considered how the presence of significant 
concentrations of water vapour in the exhaust gases affects the derivation of the 
fundamental equations defining the HRR in terms of the oxygen concentration and other 
parameters. These equations were simplified, assuming certain limiting moisture levels 
in the exhaust gases, in order to determine when the explicit measurement of water 
vapour would become necessary during fire suppression tests. 
In order to test the applicability of the various HRR equations derived, a series of large­
scale open-space fire tests were conducted using the National Fire Laboratory (NFL) 
'room calorimeter', a facility capable of accommodating test fires in the range 1 00-3000 
kW (3 MW). A total of 12  open-space experiments were conducted, including both 
free-burning and suppression cases, using premixed and diffusive propane flames as weD 
as diesel oil pool fires, over the HRR range 1 00-800 kW. A single-fluid water mist 
nozzle discharging 35.3 I .min-I was located 1 . 5  m above the propane burner during the 
suppression tests; the orientation of the nozzle was initially upward to enhance water 
evaporation but avoid flame suppression, although later tests employed a downward­
facing spray to achieve a level of suppression but not extinction. Dlugogorski et al. 
(Reference 1 66) reduced the gas analysis and exhaust flow rate data to derive HRR 
histories using the various equations derived earlier and compared the results critically. 











vapour, the explicit measurement of water vapour is nOI required and simplified 
equations yield HRR values of acceptable accuracy However. in the case of suppressed 
fires in ttst enclosures where moisture COnlents greater than 71'10 are likely. it was 
tentatively suggested that waler vapour concentration should be included in the gas 
analysis and used in the more rigorous data reduction formulae 
7 2 2 SPrinkler suppression of warehouse fires 
The c10ensive research by Factory Mutual Research Corporation (FMRC) in the area of 
sprinlder technology was discussed in Section 5 2 2, in the context of the spray/plume 
interaction However. the FMRC work is also relevant to the present section since large 
scale suppression tests have been performed, and these test configurations were 
sufficiently unconfined IQ be classified as 'open fires' The research has focused on the 
development of sprinkler systems which have a rapid response and high suppression 
capability, in an effon to limit the losses due to fires in high-rack storage areas and other 
'bigh-challenge' situatIons According to PTzybyla and Ghandi (Reference 167), the 
motivation for this work was a shift in commercial packaging materials which was not� 
in the early 1980's Researchers at FMRC noticed that plastic containers were replacing 
more traditional metal and glass packaging for some products, and it was anticipat� 
that this would modify the fire protection requirement in warehouses The interaction 
between the fire and the sprinkler system was subdivided into two domains, namely 'pre­
actuation' and 'post-actuation' In the fonner the goal is always to r�uce the sprinkler 
response time to a minimum Since this in turn relies on effective heat transfer from the 
fire plume to the sprinkler fuse, the FMRC testS have sought to determine the 
distribution of convective heat flux in the thermal plume above the storage-racks (see 
Section 5 2.2) Fire suppression can coounence only after sprinkler actuation has 
occurr� and thus the interaction between the fire and the water spray is associated with 
the post-actuation period. Despite being conduct� under controned conditions inside a 
building, the majority of the FMRC tests were essentially 'unconfined' during the early 
stages of the fire and therefore many features of the post-actuation phase are 
representative of fire suppression in the open. 
The majority of the tests described by Przybyla and Ghandi (Reference 167) were 
perfonned using a standard packaging system, a flanunable liquid within a plastic 
container inside a cardboard carton A few additional tests were carri� out using 
different configurations of coounodities (a 'commodity' being the combination of 
product and associat� packaging) One of the main problems in tests of this kind is to 
decide which storage configuration and packaging system to test, since the variations are 
many The fonner was decided by assuming general purpose warehouse conditions and 
applying the relevant storage and protection requirements from the Codes of Practice 
(NFPA and others), while the latter was confined to the systems of direct interest 
Two typeS of cartons were tested, one made of standard commercially avail able 
cardboard and the other impregnated with flame-retardant solution The number and 
size of plastic containers per canon was varied, as was the intema1 geometry of dividers 
and liners The container capacity ranged from pints and quans to half gallons and 
gallons with the container materials either high density polyethylene (HDPE) or a 
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composite of HOPE co-extruded with nylon (HDPE/N), Liquids used were Class ID 
heptane, isopropyl alcohol, Class IC xylene and Class 1 1  kerosene and mineral spirits, 
The cartons were stacked either 'straight' or 'interlocking', In straight stacking, the 
cartons were simply placed directly above one another while interlocked stacking 
involved changing the orientation of the rectangular cartons in order to produce a 
staggered vertical joint; this arrangement was found to give additional stability to the 
pile during burning, The cartons were stacked in a single row across the width at the 
front ofa wooden pallet, and were stacked until the pile was some 4 feet high (- 1 .2 m), 
The rear of the pallet was filled by a mock-up of a larger carton, One test investigated 
the response of free-standing 55-gallon HOPEfN drums (filled with water) to the 
ignition source in order to simulate a warehouse fire, For all the tests the ignition source 
consisted of a petrol-soaked cellulosic bundle, 
During the tests, the combustion products were drawn through an exhaust hood and 
sampled for oxygen concentration; this enabled the heat release rate (HRR) to be 
calculated, The effect of sprinklers was simulated using a water spray device above the 
stack of cartons, The HRR during each test was used as input to a computer model of 
sprinkler response (,DETACT-QS', DETector ACTuation-QS) in order to detennine 
when the water spray system should be activated manually, The results of the tests were 
tabulated to compare the fuel type, container and carton characteristics, peak HRR and 
whether or not fire control was achieved after actuation of the water spray. The two 
tests which used non-fire retardant cardboard resulted in rapid fire growth which 
exceeded 1 000 kW ( I  MW) in under four minutes and subsequent pool fires which the 
sprinkler system could not control. Conversely, some of the fire retardant carton tests 
produced fires which did not reach 1 000 kW for over 20 minutes and in these cases fire 
control was achieved, Two directly comparahle tests on one pint HOPE containers 
filled with kerosene illustrated well the advantages of fire retardant cartons, The 
standard carton led to a peak HRR of 1 960 kW and a fire which could not be controlled 
by the sprinklers, The same test, but using fire retardant cartons gave a reduced 
maximum HRR of 1 0 1 7  kW, and fire control was achieved with the water spray. 
The results were analysed using the fire growth relationship, 
Q = ar2 (90) 
where Q is the heat release rate (kW), a is the 'fire growth factor' (kW.s'2) and 1 is the 
time after ignition (s), The expression was modified slightly in order to take into 
account the test method. Since the water spray system was only active after the HRR 
exceeded 500 kW, analysis of the fire growth factor between HRR 500-1000 kW 
enabled an assessment of the propensity for fire spread. Hence, a was calculated as 
follows, 
(91 )  
where O' = 500 kW O2 = 1000 kW 1 = time when HRR reaches 500 kW, 12 = time _1 , - ' 1  
when HRR reaches 1000 kW and 1 = time when HRR exceeds ignition source HRR , 












This was the usual method of anaJysis, but for some experiments where the HR.R did not 
reach 1000 kW, the value of a was calculalcd for Q between 250-500 kW On the basis 
of this analysis, the fire growth rate was ranked according to the resulting Q value and 
the fire classes were defined as shown m Table 9 below, 
Table 9 
Classification of fire growth according to 'fire growth factor' (Reference 167) 






Fire growth factor. a 
a 'O!  0 1876 
0 1876 > o ;a:  0 0469 
0 0469 >a� O Ol J 7  
0 01 17 >a� 0 0029 
.0029 >a 
In the experiments, control of the fire by the sprinkler system was only guaranteed for 
the case of 'slow' fires In 'fast' fires, control was never achieved, and of the two 
'medium' fires tested, onc was controlled and the other was not. The main conclusions 
of the work were firstly that the firc growth factor obtained from small scale testing may 
be used to classify the behaviour of tbe goods in a warehouse fire, secondly, good 
packaging design (I.e. use of8arne-retardant materials) was found to be very effective in 
limiting the fire growth. 
Lee's work with FMRC (Reference 168) was also concerned with the suppression of 
rack-storage fires. and in particular the aim was to gather data from corrugated fibre 
carton fires in order to compare the results with previous water sprinkler experiments 
where wood was burned in the fonn of cribs and pallets The fuel array comprised 
FMRC's 'Standard Class U' commodity, a I 01 x I 01 x I 01 m double tri-wall 
corrugated paper carton with a sheet metal liner supported on a wooden pallet The 
outer carton had a mass of 19 S kg while the inner and metal liner were of mass 18 6 kg 
and 23 I kg respectively Each carton was placed on a pallet and the stack configuration 
consisted of an arrangement of two pallets wide by two deep fonning a square of four 
pallets in plan, inside a steel rack. The height of the stack during an experiment was 
either two, three or four tiers, giving overall heights of3 m. 4 S m and 6 m respe<:tively 
A series of 32 rack-storage extinguishment e1Cperiments were conducted beneath a 
specially designed water spray applicator Since the spray outlets were located very 
close to the upper fuel surface, it could be assumed that the sprays had I()()'/O 
penetration and the effects of drop size and spray momentum were negligible. The 
device could be actuated at any stage of the fire development to deliver any required 
flow rate onto the fire The instrumentation consisted of FMRC's 'Fire Products 
Collector', essentially a large-capacity calorimeter capable of monitoring fires of the 
order of megawatts (similar in principle to the NFL facility described in Reference 166) 
The Fire Products Collector enabled both the total HRR and the convective HRR to be 
monitored throughout the test, before and after actuation of the sprinkler system, an 
example of the graphical output (convective HRR versus time) for three different water 
flow rates is given in Reference 168 The parameters of interest in the study were the 
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height of the storage rack, the HRR history during the test and the water application 
rate. 
The raw data were reduced by first defining Ew as the total heat energy released in the 
test during water application; thus Ew was calculated simply by integrating the HRR 
curve from the time of sprinkler actuation to the end of the test. The parameter Mm was 
introduced, defined as Ew divided by the heat of combustion of the corrugated fibre; 
therefore M"" was an estimate of the total mass of fuel consumed during water 
suppression. The effect of the sprinklers was non-dimensionalised by dividing M"" by 
the total fuel mass available for combustion at the time of actuation (M •. w). So, for 
example if M.,. / M •. w was found to be 0.5 (the maximum reported by Lee) then 50% of 
the available fuel had still been consumed even though sprinklers were in operation, but 
50% had been 'saved' by the sprinkler system. This ratio expresses adequately the 
efficacy of the sprinkler system but another dimensionless parameter was needed in 
order to correlate the results meaningfully. The parameter selected was Mw / Mb.w 
where Mw is the mass rate of water supply and Mb.w is the mass rate of combustion at the 
point of sprinkler actuation (or fire brigade intervention in the context of the present 
study). 
A log-log correlation plot of all the test data with Mw / Mb.w as the x-value and 
M,,./ M •. w as the y-value confirmed the expected result that the higher the ratio of 
water supply to burning rate, the lower is the ratio of the consumed fuel to the available 
fuel for the remainder of the test. The best-fit straight line to the data was found to be: 
(92) 
and it was noted that the numerical value of the exponent was identical to that obtained 
by other workers, but that the coefficient of proportionality was slightly different (values 
of 0.3 1 2  and 0. 1 50 had been reported by Kung and Hill (Reference 1 54) during their 
experiments using wood cribs and pallets respectively). 
Lee (Reference 168) concluded that the - 1 .55 power relationship adequately described 
the suppression efficiency of sprinklers for the case of loosely packed assemblies of fuel 
such as pallets, cribs and cartons. The variation in the coefficient of proportionality was 
seen as evidence that for the same value of Mm / M •. w the water supply rate for the 
cartons is slightly greater than for wooden cribs while both cartons and cribs require 
substantially more water than wooden pallets. This was seen as a reasonable result since 
the flame spread on cardboard was observed to be much more rapid and more 
penetrative than the other materials. Finally, the empirical relationships were 
extrapolated back to the point where the lines intercepted the x-axis (i.e. at the y value 
M.,. / M •. w is unity). This point defines the situation where all the remaining fuel is 
consumed after the sprinklers have been actuated, and the corresponding x-value defines 
the critical water application rate below which all combustible mass is consumed. 
Assuming that Mb.w was equal to half the maximum burning rate for the stack, the critical 
values for wooden pallets, cribs and cardboard cartons were calculated as 1 .9, 2. 1 and 












previous work, and it was concluded that the critical water application is independent of 
the geometry and scale of the fuel array and mode of water application, but depends 
slightly on the HRR al the point of sprinkler actuation 
Kung el of (Reference 169) described some of FMRC's work on the development of 
Early-Suppression Fast Response (ESFR) sprinkler systems specifically for high-rack 
storage applications, the objective was to improve upon the economic and operational 
deficiencies of conventional sprinklers In economic terms, 6re protection of 
warehouses with conventional ceiling sprinklers requires a high water demand and the 
capital cost of installation is therefore high Realistic tests using existing systems have 
confirmed widespread fire damage extending beyond the original ignition area, coupled 
with water damage to goods unaffected by fire, the laner invariably occurs when a large 
number of sprinklers is activated FMRC's objective was 10 develop a sprinkler which 
would detect and suppress a nascent fire, thus limiting the damage caused by both fire 
and water; an additional objective was to reduce the total number of sprinklers required 
for effective fire protection 
A series of tests was perfonned, which investigated the effects on suppression efficiency 
of fire location relative to the sprinklers, fire size at actuation, plume momentum flux., 
Required Delivery Density (ROD), spray distribution pattern and spray centre-core 
thrust force (The term Required Delivery Density was introduced in Reference 168 to 
quantify the water flux necessary to ensure suppression of sprinklered high-rack storage 
fires in earlier FMRC tests) The general arrangement of the test facility was identical to 
that used in previous FMRC experiments (Reference 168) however in Reference 169 a 
'standard plastic' commodity was used as the fuel The pallet loads consisted of 
polystyrene cups in compartmented, single-wall corrugated paper cartons Eight such 
cartons (0 53 x 0 53 x 0 51  m high) were placed on a wooden pallet, forming a stack 
two cartons wide by two deep and two high Each of the cartons was internally 
subdivided into 125 compartments (I.(>. 5 x 5 x 5) by 4 mm thick horizontal and vertical 
cardboard dividers, and each compartment contained a 473 ml polystyrene tub The 
total mass of the polystyrene cups per pallet was 29 3 kg and the total mass of the empty 
carton with dividers was 21 .8  kg ( per pallet). The mass of the wood pallets ranged 
from 23.1 kg to 24 I kg A double-row steel rack was loaded two pallets wide by two 
deep, the height of the stack was four tiers for all the tests, with the ceiling clearance 
being 2 9 m from the top of the stack 
Ignition was established using the petrol-soaked ceUu-cotton rolls described previously 
by Lee (Reference 168), lit by a propane torch Four different prototype sprinkler heads 
were used, arranged on a grid 3 05 m x 3 05 m, and all sprinklers had a temperature 
rating of 73 °C. The location of the storage pile was varied from test to test, and three 
configurations were examined The centre of the stack was located directly under a 
prototype sprinkler, centred below two sprinklers, or centred below four sprinklers 
Therefore, a maximum of four sprinklers were installed during a single test 
Thermocouples were installed at various points on the sprinkler grid, and brass disks 
were fitted at the active sprinkler points in order to simulate the thermal response of a 
fasHesponse sprinkler link Prior to the tests, the sprinkler thrust force, spray Oux and 
water distribution were measured for each configuration, under no-fire conditions The 
experimental procedure for each of these is given in Reference 169 The fire size, as 
1 \4  
indicated by the convective HRR, at sprinkler actuation was assumed to be critical in 
detennining the success or failure of the suppression system. The results from 
Reference 168 were used to infer this value since it was assumed that the experiments in 
both cases were practically identical. The convective HRRs taken for the various test 
configurations are shown in Table 1 0  below. 
Table 1 0  
Convective heat release rate (HRR) values at sprinkler actuation for various 
sprinkler/fuel array configurations (from Reference 169) 
High-rack storage position relative to 
sprinklers 
Centred below single sprinkler head 
Centred below two sprinkler heads 
Centred below four sprinkler heads 
Convective HRR at sprinkler actuation 
(kW) 
850 - 970 
1 380 (1  test only) 
1 1 50 - 1 340 
The inferred values of convective HRR were used to calculate the RDD and hence 
determine the water density required to suppress the fire. The HRR values also enabled 
fire plume characteristics, such as diameter and upward momentum flux, to be 
calculated. Interactions between sprinkler water spray and fire plumes were known to 
be critical in some instances and the sprinkler required sufficient force to penetrate the 
plume and deliver water to the fuel array. This condition was not achieved for one of 
the tests where the fuel array was centred directly under a single sprinkler head. The 
plume momentum flux was estimated at 0.98 N while the sprinkler core-thrust at the 
same location over the same area was only 0.44 N; fire suppression was not obtained for 
this test. It was noted that after sprinkler actuation, the fire plume was still visible at the 
top of the fuel array and the sprinkler spray appeared to be 'opened up' by the plume. 
Consequently, the water flux at the fuel surface during this particular test was expected 
to be significantly less than under no-fire conditions. 
For the other three tests on this configuration, fire suppression was achieved as expected 
since the sprinkler momentum flux exceeded the plume momentum flux suggesting that 
water penetration would be effective. In addition, the water flux measured at the upper 
fuel surface of the stack under no-fire conditions exceeded the RDD water fluxes 
calculated by Lee (FMRC report) for a four-tier array of the Standard Plastic 
Commodity by at least 56% in all cases. 
The nature of the fire plume/sprinkler spray interaction for the two-sprinkler and four­
sprinkler configurations was somewhat different. In all these tests, the fire gases rose 
only through the centre flue of the stack at the time of the first sprinkler actuation. 
Interference between the water spray and the thermal plume was therefore not a 
significant problem and a high proportion of the water spray reached the top of the 
stack. The water flux at the top surface of the array was expected to be very close to 
the no-fire value. It was observed that with increasing ceiling clearance, the trajectories 
of individual drops become more vertical and consequently direct wetting of the sides of 
the fuel array was diminished. The main mode of fire suppression was therefore 
expected to be from direct wetting of the upper fuel surface. In practice however, it was 

















abo observed that once the upper surface was saturated, water ClsCldtd down the 
vertical surfaces of the centre flue and suppression was assisted in this manner 
Fire suppression was achieved in all cases, but the convective HRR of the fire necessary 
to activate the offset sprinklers was consistently greater than for the centrally-located 
sprinkJer case A larger fire (greater HRR) was necessary in order both to extend the 
plume sideways to the offset sprinklers and to maintain the plume temperature above the 
actuation temperature against increased heat losses to the surroundings Kung et aJ 
(Reference 169) concluded that for effective fire suppression by ESFR sprinkJers it is 
essential that the centre-core thrust exceeds the upward plume momentum measured at 
the same point below the sprinkler head Abo the water spray f1U)( which reaches the 
lOp of the fuel array must be at least equal to the RDD specified by Lee (Reference \68) 
for the commodity in question Provided. the first condition is met, it is probable that the 
water flux measured under no---fire conditions wil l be very close to the value delivered 
under fire conditions, provided this is not less than Lee's RDD then suppression is 
assured 
The current state-of-the-an regarding the choice of sprinklers is discussed in a recent 
paper which summarises FMRCs approach to fire protection in warehouses (Reference 
110) It is emphasised that the protection design must be based on a sound knowledge 
of the storage hazard of the commodities, both present and future The FMRC 
commodity classifications l, n. m and IV are explained (fire hazard increasing from I to 
IV) and examples of 'special hazards' (I.e. hazard potential greater than IV) are given 
The classification system provides only a broad indication of how similar groups of 
commodities will behave and so FMRC are conducting ongoing commodity 
classification tests for clients using the Fire Products Collector facility 1be heat release 
rates and products of combustion are measured, to provide an accurate assessment of 
the hazard In practice the mode of storage (solid-piled, pallerised or rack), height of 
storage, dimensions of storage rows, building height etc all combine to influence the 
choice of the best fire protection for the warehouse concerned Additional 'transient' 
factors (usually arising from poor storage practice) may also increase the fire hazard 
temporarily, and it was nOled that the presence of shrink-wrap plastic on the outside ofa 
commodity may prevent pre-wetting by sprinklers, reducing the effectiveness of standard 
sprinkler installations 
The sprinkler options for high-rack storage are given broadly as 'standard', 'in-rack', 
'large-drop' or 'ESFR' Standard sprinklers rely on their ability to pre-wet unburned 
combustibles in the vicinity of the 6re and to cool adjacent areas of the building 
Control of the fire is achieved as the original fuel is consumed and flame spread is 
limited due to the pre-wetting of nearby combustibles 1be standard head was 
redesigned by FMRC in the 1950s in response to the increase in high-rack storage and 
the increased 6re risk of commodities The orifice diameter was increased from 12 1 
nun (112 in ) to 13.5 mm (11/32 in), thus increasing the discharge by about 4()1,t. for a 
given water pressure 1be trend of increasing fire hazards in large warehouses 
continued, and often resulted in fires where conventional sprinklers installed in the 
ceiling alone were inadequate. This led to the next major improvement, sprinklers were 
installed within the rack structure in order to improve the penetration of water to the 
seat of the blue 
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The development of the large-drop sprinkler came about when it was noticed that 
standard sprinklers did not always manage to penetrate the strongly buoyant fire plume 
developed during warehouse fires. The orifice diameter in this type of sprinkler is 16.3 
mm (0.64 in.) and an improved discharge pattern is employed enabling superior 
penetration of the up-draught. A graph comparing the standard and large-drop 
percentage penetration of spray as a function of water pressure shows an improvement 
at all pressures. The Early Suppression-Fast Response (ESFR) sprinkler head was 
originally designed in the US for residential applications in order to increase the time 
available for occupants to escape. FMRC adapted the fast-response technology to the 
warehouse environment; a more heat-sensitive fusible link combined with an orifice 
diameter of 17 .8  mm (0.7 in.) and an improved discharge pattern resulted in a design 
which could suppress, not merely control, a fire. 
7.3 Suppression tests on compartment fires 
Although a review of the suppression of open fires is justified within the context of the 
present report, it is acknowledged that the main interest of the Fire Service is the 
suppression and extinction of confined fires, and in particular post-flashover 
compartment fires typically occurring in residential premises (Section 2 . 1 .4). The 
present section is devoted to a review of published work in this important area. 
Herterich (Reference 10) reviewed some of the early work on compartment fire 
suppression, mainly carried out in the UK in the late 1 940s and early 1 950s. Nash and 
Rasbash (Reference 1 7 1 )  investigated the extinguishment time for room fires using spray 
jets as a function of the water flow rate and the size of the room. The tests showed that 
a certain minimum water flow rate was required (expressed in 1.min-l m-') in order to 
ensure successful extinguishment (see also Section 7. 1 ); in the case of fires on flat fuel 
surfaces, the critical flow rate was expressed in 1.min-1.m-2 The total quantity of water 
required was found to increase linearly with the room size and was strongly dependent 
on the rate of flow of the water. The extent of ventilation present also had a profound 
influence on the water consumption; the greater the ventilation area, the greater was the 
total quantity of water required for a given size of room. Reducing the available 
ventilation reduced the extinguishing time significantly; the enhanced fire suppression in 
this case is due to the large volume of water vapour produced which rapidly fills the 
room and 'smothers' the fire. The effectiveness of solid jets and spray-jets in combating 
compartment fire was also assessed in Reference 1 7 1 .  As a result of these investigations 
it was recommended that confined fires should initially be tackled with a mobile spray-jet 
at a 'sufficiently high' flow rate followed thereafter by a small solid water-jet to 
extinguish any remaining deep-seated pockets of fire. In the US, Layman (Reference 
1 72) conducted a comprehensive series of internal fires which were extinguished with 
spray-jets. A large number of parameters were investigated, including: the rate of fire 
development, the number of hoses used and the rate of water application. In the 
particular case of spray-jets, Layman found that a low amount of water was required to 

















Thomas and Sman (Reference 173) reviewed work on companment fire suppression 
prior to 1954 and concluded that the quantity of water required to achieve control was 
between 8·15 gallons per 1000 cubic feet of fire Assuming British gallons, this converts 
to a metric equivalent of - 36-70 litres per 28 cubic metres or 1 3·2 5 I mol Two series 
of compartment fire suppression tests were also described in Reference ) 73 the first 
were conducted in a room measuring 8 x 8 x 8 ft (- 1 4 5 ml) while the second employed 
a smaller 'model' room of volume 0 13 m] The fonner series showed no significant 
difference in performance between water applied as a solid jet and that applied in the 
form of a spray, at a constant supply rate of - 2 2 gal min-I (10 I min"·), extinguishment 
times were around 20-24 seconds and the total quantity of water required was between 
0 6-1 0 gallons (2 7-4 5 litres) In the experiments at smaller scale, the rale of water 
application was varied, among$!. other parameters, and it was found that the 
performance of jets and sprays was comparable only at low rates of flow (less than -
0 01 gal_min>l ft-3, or 1 6 1  min·l ml) At higher flow rates, the superiority of sprays was 
evident and the total quantity of water required for fire extinguishment was much lower 
than for solid jets However, for both methods of application,. there existed an optimum 
rate of application al which the fire suppression was most efficient in terms of total 
water usage, it was suggested that this optimum rate was not much greater than the 
critical rate (see Figure 31)  The effect of ventilation was also examined and it was 
found that the quantity of water required to extinguish an enclosed fire increases with 
increasing ventilation The displacement of oxygen by water vapour was identified as 
the critical mechanism in this respect and it was suggested that for levels of ventilation 
'normally encountered in full-scale rooms ', the amount of water required was 
approximately equal to that required to replace the gaseous contents of the room by 
water vapour 
Some points relating to the use of water sprays in fighting domestic room fires were 
considered by Rasbash and Thomas in 1955 (Reference 174) The effect of droplet size 
on the extinguishment mechanism was discussed and it was noted that the most efficient 
gas-phase cooling (flame cooling) is achieved with smaller drops whereas, the efficiency 
in fuel cooling is less dependent on drop size provided the water is able to reach the 
burning surface Consequently, the influence of drop size on fire extinguishment was 
expected to be greatest when the fire was unable to be extinguished by cooling the fuel, 
for example a fire involving a low firepoint liquid such as petrol Tests at Birmingham 
(Section 4 I 2) on fuU-scaIe rooms (- 43 ml) showed that the extinction of all large 
flames in a fully developed fire were extinguished with - 12 gallons (- 55 I) of water 
either applied as a jet or spray The observed superiority of sprays over jets was 
discussed, however it was concluded that this effect was only relevant at rates of flow 
which were too high to be used in practice. Since the required throw for water delivery 
was estimated to be - 20 ft (6 m), commensurate with the dimensions of a typical room, 
it was concluded that sprays operating at 100 psig (7 bar) were entirely adequate, even 
with cone angles of 300; the corresponding flow rates were reponed to be 20-30 
gal min-l (- 90-140 I.min>l) On the basis of this evidence, and the smaller effect on drop 
size of pressure above 7 bar (100 psig) (Section 5 1.2 I ,  Figure 15), it was considered 
that in general high pressure sprays offered no practical advantage over low pressure 
sprays (up to 7 bar) when tackling fires in enclosed spaces 
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The 'Extinguishing Materials and Equipment Section' of the Joint Fire Research 
Organisation (JFRO) performed a series of tests in 1 960 which were designed to provide 
a basis for the development of more efficient hosereel systems (References 12, 175). 
The effects of varying the rate of application, method of application (spray or jet) and 
nozzle pressure were studied during a series of 50 extinction trials against confined Class 
'A' fires. The test enclosure comprised a well-ventilated brick building measuring - 4.3 
x 4.3 m in plan and with a total volume of 49 m3; openings representing two windows 
( 1 . 8  x 1 .2 m) and a door ( 1 . 8  x 0.9 m) were included. The fire load (-590 MJ.m-2) was 
selected to yield a fully-developed blaze typical of the upper limit which could be 
reasonably tackled by hosereel systems of the time. The fuel consisted of a -\3 mm 
wooden floor plus simulated items of furniture made from 25 mm timber; two smaIJ 
trays of petrol were used as ignition sources, to promote rapid involvement of the entire 
contents and this was usually achieved within 3'h minutes. 
Impinging jet-type spray nozzles were used, with a constant orifice size of -1 .6  mm 
producing a cone angle of 30°. The spray tests were conducted at a range of flow rates 
from 23-1 1 4 1.min-1 and at nozzle pressures from - 5-35 bar (80-500 psig); the jet tests 
covered the same range of flow rates but with a constant nozzle pressure of - 5 bar (80 
psig). In order to increase the rate of flow at a given spray nozzle pressure while 
maintaining the nozzle characteristics, more pairs of jets were added instead of 
increasing their size. All the nozzles were fitted to a trigger-operated gun-type branch, 
linked to an automatic recording system which accurately monitored the duration of 
each period when the branch valve was open; using these data and the flow rate the total 
water application during the test could be calculated. The 'mass median droplet size' 
(�m) was determined over the range of pressures and flowrates used during the spray 
tests (see Table I I  below); half of the mass of water discharged from the nozzle is in the 
form of droplets smaller that this value. 
Table 1 1  
Mass median drop size (microns) at a range of spray nozzle pressures 
(adapted from Reference 1 75) 
Nozzle �ressures 
Rate of flow {l.min-l} 5 bar {80 psig} 1 5  bar {225 �si8} 35  bar {500 �si8} 
23 550 390 320 
68 850 620 610  
1 14 540 590 940 
At lower rates of flow the droplet size decreased as the pressure increased, with the 
reduction being less marked at higher pressures. However at the highest flow rate the 
reverse was the case, contrary to expectations. Measurements of the water distribution 
within the sprays indicated that the proportion of water in the centre of the sprays 
tended to increase with both pressure and rate of flow, thus increasing the probability of 
droplet coalescence and offering an explanation for the observed behaviour. 
Once the test room had been prepared as described, the petrol trays were ignited and the 
room was allowed to become fully involved. Two minutes after this 'flashover', water 





















Once the room had cleared of smoke, the branchman then extUlguished any rematning 
pockets of flame using short burslS from the branch until complete extinguishment was 
achieved The same Operator was employed throughout the test series. in order to 
reduce the variation in application technique, however despite all efforts the variability 
of the results was still high The average amount of water required to control the fire 
was -32 litres, which was surprisingly small, although extreme variations of -50'/0 to 
+4()()'11o were recorded in two tests Likewise the total volume of water required to 
achieve complete extinction of the fire was on average -77 litres, the corresponding 
extreme variations in this case were -70'/e to +2500.1. 
A statistical analysis of the test data showed that for all practical purposes neither the 
pressure nor rate of flow had any significant effect on the total volume of water required 
to control or extinguish the fire It was concluded that against this type of fire, 
increasing the tlowrate would enable the fire to be controlled more rapidly without 
increasing the water demand, but that no saving in water could be gained by using 
pressures higher than normally available on hosereel systems Some other practical 
observations were made by the branch operator during the tests the gun proved difficult 
to manoeuvre at 35 bar (500 psig) and Rowrates above 68 I min-I, the protection offered 
by the spray made fire-fighting more comfortable that when using jets and the jet 
facilitated the extinction of deep-seated pockets of fire beneath collapsed furniture It 
was concluded that an ideal hosereel branch would be trigger-operated. enable the fire to 
be controlled with a spray and allow final extinguishment using a jet 
Writing in 1962 (Reference 43), Rasbash stated that it was not clear whether confined 
solid fuel fires were better controlled by flame cooling (and subsequent inertion by water 
vapour) or by direct cooling of the fuel. However, it was argued that, in general, the 
best method of extinguishing a fire was the laner, it was also stated that in this case that 
the required rate of heat absorption from the fuel bed is generally far less than the rate of 
heat production by the fire itself in this respect. it is also worth recalling Fuchs' 
account of the suppression water inventory from full-scale tests, where 38% of the water 
was required to suppress active combustion and the remaining 62% acted to cool the 
fuel below its ignition temperature (Section 6 I 3 and Reference 125) Regarding the 
amount of water required to effect successful fire extinguishment, Rasbash observed that 
experimental quantities for room fires were of the order of 10 gallons per 100 ft2 of floor 
area (- S trn-, It was estimated that under operational conditions the practical 
application required was a factor of 100 times higher, it was concluded that either 
wastage or operational difficulties were the governing factors in the amount of water 
used and substantial research effort was justified in this area 
Sal.z.berg et al (Reference 176) sought to quantify the amount of water required to 
extinguish typical room fires using a combination of laboratory and full-scale 
extinguishment tests The laboratory configuration consisted of two rooms, each 
measuring 3 66 x 3 66 x 2 44 m high (floor area lJ  4 ml) and connected by a I m wide 
corridor of length 3 66 m. in addition, each room had 2 window openings with 
dimensions 1.22 x I 53 m The representative combustible contents of the rooms 
included wooden and upholstered furniture. books and clothing amounting to a fire load 
of - 22 kg.rn-2• ElCpCTiments were performed on either one- or two-room fires using a 
single 2S mm 'booster line' fined with a spray nozzle or a 38 mm hose line (again with a 
120 
spray nozzle); in all cases the nozzle pressure was maintained at 7 bar ( l OO psig). Fire 
suppression was commenced at 30- 1 20 seconds after f1ashover in order to avoid undue 
damage to the test facility. In order to verify the laboratory results, experiments were 
also performed in actual structures to simulate fires in residential and commercial 
occupancies; each type of structure was furnished appropriately in order to provide 
realistic fire loads. 
One early observation during the laboratory experiments was that the amount of water 
required for extinguishment and mopping-up operations varied greatly with the type of 
furnishings involved in the fire and also with the firefighting technique employed. The 
total water requirement was found to be particularly large when upholstered furniture 
was present. Consequently, the amount of water required to knock down or control the 
fires was quoted separately from that required for total extinguishment and mopping-up. 
The water application data reported were therefore those which were required to 
suppress all visible flaming and enable firefighters to remove the smouldering items from 
the room. 
For the single room laboratory tests, an application rate of 25 l.min-I (corresponding 
discharge density - 1 .9 I.min-'- m-2) was found to be the most efficient in terms of water 
usage, requiring a total of 9-30 litres to bring the fire under control. However, the 
increased control time and the high level of physical punishment suffered by the 
firefighters suggested that a higher application rate would be more appropriate. The use 
of a 68 l .min-I delivery rate (discharge density - 5 I.min-l.m-2) gave the best overall 
results in terms of efficiency (28-42 I total water consumption) and operational ease. 
Increasing the delivery rate still further, to 76 l.min-I in the form of a straight stream 
proved ineffective, except when applied indirectly when a spray was produced upon 
impact with the ceiling; it was concluded that a 60° spray pattern gave the best overall 
performance. In the two room laboratory tests, an application rate of 68 l.min-I 
(discharge density - 2.2 I.min-'- m-2) yielded the minimum water requirement for fire 
control, but here again the heat stress on the firefighter was excessive. A higher delivery 
rate of 1 1 2 l .min-I (discharge density - 3.7  I.min-'- m-2) required between 1 20-243 litres 
to achieve control. Where an indirect attack was mounted, either from the corridor or 
through the window openings, knockdown was achieved with only 120-134 I of water; 
the larger water volumes required for a room-to-room attack ( 1 75-243 I) were 
attributed to the more punishing thermal environment inside the compartment which 
required the firefighters to cool the walls before advancing from one room to the next. 
The use of a 3 8  mm hose line providing a 232 l.min-I spray application rate (discharge 
density - 7.5 I.min-l.m-2) resulted in a significantly higher total water usage with no 
accompanying reduction in control time. 
The water requirements for the tests performed in actual buildings (Reference 1 76) were 
found to be much greater than those obtained from similar laboratory tests. The amount 
of water required to achieve finaJ extinguishment and mop-up of the building fires 
accounted for a much higher proportion of the total water volume than in the laboratory 
tests; this was attributed to the inexperience of the firefighters and the high proportion of 
upholstered furniture and clothing in the fire load. The use of the 25 mm with 
spray branch at 1 1 2 I.min-' and delivery rates of7.4 I.min-'- m-2 (one room with floor area 















- 1 5  m2) and 3 5 I min-l m-2 (two rooms with floor area - 32 ml) was shown to be 
superior to the 38 mm hose line in tenns of water usage 
Overall it was concluded that one- and two-room post-flashover compartment fires can 
be effectively suppressed by an indirect attack with a 25 mm hosereel and spray branch 
For the single room fires, the mean total water requirement was estimated 10 be - 57 I 
for an application rate of 68 1 min-I For the two room scenario, the corresponding 
figures were 182 1 at 1 14 I min"I, where an external attack is feasible for both rooms (or 
access to an interior connecting corridor is possible), or 300 I at 1 1 4 1  min-l ifa room-to­
room sequential strategy is enforced Control and extinguishment of one. and two-room 
residential building fires was expected to be achieved using total application densities of 
- 4 1 min-I m-2 and - 6 I min-l.m-2 respectively. at corresponding application rates of - 76 
Lmin'! and - 114 I min'! The experiments in relatively small (- 50·100 m2) commercial­
type occupancies indicated that typical post-flashover fires could be controlled using one 
or two 38 mm hose lines with spray branches at application densities of around 6 5 I.m'2 
of the involved area 
Some of the research effort in sprinkler design has also added to the body of knowledge 
on compartment fire suppression (References 177, 178). Liu (Reference 171) reported a 
theoretical and experimental investigation into the effects of a corridor sprinkler system 
on the cooling and suppression of a fire in an adjacent compartment connected by an 
open doorway. A simplified one-dimensional mathematical model of spray cooling was 
developed to evaluate the reduction in corridor cei ling hot gas temperature by 
evaporative coo ling The model included the Ranz and Marshall heat transfer 
correlation (Reference 61, equation (46» as well as a momentum model for predicting 
droplet trajectories; the reduction in droplet diameter due to evaporation was also 
included in the model. 
Full-scale tests were carried out using a compartment of2 44 x 3.05 m in plan connected 
to a 2.44 m wide corridor which was 6.1 m in length; the ceiling height for both the 
compartment and corridor was 2 44 m. The fire source was a hexane burner, located at 
floor level in the compartment and on the centreline of both the corridor and doorway, a 
single pendant sprinkler was located on tlUs axis either at 1.22 m or 2.75 m from the 
compartment doorway. The fire heat release rates varied from 35()'1050 kW and water 
flow rates ranged from 10·35 US gal.min'! (- 38·132 I min" ); three different sprinkler 
heads were tested (W', 111", W') and the room·corridor environment was monitored by 
various instruments, including thennocouples and gas analysers Some tests at If. scale 
were also conducted in order to extend the investigation economically, the fire source in 
these tests was either a natural gas burner or solid fuel (wood cribs and Plexiglas plates). 
It was concluded that the simplified one·dimensional analysis was sufficient to predict 
the net reduction in the corridor exit gas temperature and that at a given water flow rate, 
smaller droplet diameters were more effective in cooling the hot combustion products 
11 was also found that the water spray could initiate a recirculating flow at the doorway 
such that water vapour, fine droplets and combustion products were drawn back into the 
fire compartment; this back·flow was found to reduce the burning rate of the fuel and 
potentially even smother the fire, if the initial conditions favoured the production of a 
large volume of water vapour (i.e. high gas temperatures and hot surfaces) 
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You et af. (Reference 1 78) described a series of 25 tests where a single sprinkler was 
used to cool a fire compartment measuring 3.66 x 7.32 x 2.44 m (- 65 m3), a single 
ventilation opening 1 .22 x 2.44 m was also provided on one wall of the compartment 
The fire source was an array of 4 heptane spray nozzles which developed total heat 
release rates ranging from - 130-500 kW; three different sprinkler nozzles were tested, 
having diameters of 6.9, 8.4 and 1 1 . 1  mm. A fire products collector (FPC) was 
positioned over the test room to extract and sample the combustion gases for CO, Co" 
O2 and total hydrocarbons. Other measurements included: flow rate and temperature in 
the exhaust duct of the FPC, heat losses through the compartment walls and ceiling, 
radiative heat flux through the ventilation opening and gas temperatures within the 
enclosure. To aid the data analysis, an energy balance (in units of kW) was written for 
the room during a test, 
O. = <%0., +0. +0, (93) 
where O. is the total heat release rate of the fire, <%0., is the heat absorption rate of the 
sprinkler spray, 0. is the convective heat loss rate through the room opening and 0, is 
the sum of heat loss rate to the walls and ceiling (0,), the heat loss to the floor (Or) and 
the radiative loss through the opening Or '  The total heat release rate was established 
from the FPC data by a carbon balance technique, a principle based on the mass 
conservation of elemental carbon involved in the combustion process. The convective 
heat release rate was calculated from the product of exhaust gas mass flow, excess 
temperature (above ambient) and the specific heat capacity at constant pressure. 
The experimental data were presented in terms of the independent variable, 
(94) 
where A is the area of the opening (m\ H is the room height (m) and W is the sprinkler 
discharge rate (I.min·'). The non-dimensional parameters !!JS and D correspond to the 
sprinlder operating pressure divided by 1 7.2 kPa (0. 1 72 bar) and the sprinlder nozzle 
diameter divided by 0.0 1 1 1  m respectively. The dependent variables selected for the 
correlations were the non-dimensional ratios <%0.,/0. and 0./0., i.e. the fraction of 
the total heat release absorbed by spray cooling and removed by convective cooling of 
the room respectively. The data showed that <%0., /0. increased rapidly with increasing 
A for values of A less than - 20; at higher A ,  the increase in 0.",,'/0. was more 
moderate. The value of Q. /0. was found to decrease with increasing A ;  this was as 
expected since an increase in spray heat absorption would tend to reduce the amount of 
heat lost by convection through the opening. It was concluded that the correlation 
method was satisfactory and was more general than in previously published work since 
the effects of room geometry, opening size, sprinkler spray characteristics and fire size 
were all included. 
Kokkala (Reference 1 79) reported the results of some 1 7  post-f1ashover fire 
extinguishment tests, performed in a compartment measuring 2.4 x 3.6 x 2.4 m bigh and 
incorporating a door opening of 0.8 x 2.0 m. The walls were constructed of 1 0  mm 
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thick panicle board (p - 720 kg m" ) and the ceiling was either the same matenaJ or in 
some: cases 10 mm thick porous fibre board, the floor was of concrete m all tests The 
fire source consisted of a 20 kg wooden crib constructed from 12 layers of 38 x 41 x 
500 mm pine sticks, located in the centre of the room Two thermocouples were used to 
monitor the progress of the fire one was located 100 mm below ceiling level at 0 7 m 
from the room centre towards the door and the other was in the plane of the door, 
located 100 mm below the top of the door opening A wide-angle h.eat flux meter was 
sited 2 m outside the door, facing horizontally into the room, fire suppression 
commenced when this instrument recorded a heat flux of 20 kW m·l (chosen to 
approximate post-flashover conditions and to standardise the test procedure) Water, 
Halon and 8 varieties of extinguishing powders were used in th.e studies but only the 
results of the 3 water tests are considered here 
A 7 mm spray-jet noule operating at - 200 kPa (2 bar) was used for all three tests, two 
as a jet (at flow rates of either 46 I min-! or 1 7 8  I min'!) and one as a spray, discharging 
at 46.7 1  min'! At 461 min'! the direct jet required 10.7 1 to put out the flames whil e the 
spray required only 7 I, however in both. cases an additional 17  I of water was required 
to extinguish the glowing combustion The direct jet discharging at 17 8 I min'! was 
deemed to be very close to the critical rate required to extinguish the fire, this figure was 
also expressed as 7.5 g m·l on the burning surface and its proximity to a theoretically­
determined value of 7 8 g mol (Reference 180) was remarked upon However, Koldcala 
also noted that in all three water experiments, the companment floor was completely 
wened, suggesting rather wasteful application 
Milke et aJ (Reference 181)  reponed the results of a series of 5 experiments designed to 
investigate the effectiveness of a firefighting spray on a fuUy..developed companment 
fire, the data were intended to be used to vaJidate the 'Fire Demand Model' of 
compartment fire suppression (see Section 6 2 2) The compartment measured 2 44 x 
3 66 x 2 44 m high with one ventilation opening measuring 0 44 x 1 5 1  m high and the 
Class 'A' fuel load consisted of 7 white pine cribs, each 10 laym bigh and 3 sticks (4 x 
4 x 26 cm) per layer (total fuel surface area 7 59 m2) Several sizes of 600 full cone 
nozzles were operated at pressures between I 2-3 7 bar (17-54 psig) and flow rates 
between - 16-28 1.min'I, the corresponding range of application rate was 2 9-5 2 x IO-l 
I m'l.sl (based on the companment floor area of 8 9 m2) The suppression process was 
monitored by temperature, oxygen and mass loss measurements and the results were 
presented as variations in these quantities as a function of time As the data were to be 
compared with the predictions of the FD Model at a later date, no detail ed conclusions 
were reponed in Reference 181  
Stroup and Evans (Reference 182) described the findings of a series of four fuU scale 
tests designed to measure the effect of manual fire suppression on post-flashover room 
fires through the application of water sprays Once again the objective was to provide 
verification data for the 'FD Model' computer code (Section 6 2 2, References 143-
145). A 'bum-room' measuring 244 m cubed was connected to a corridor measuring 
2 44 x 2 44 x 12 8 m in length and the fire source consisted of an array of nine wooden 
cribs (06 x 0 6  x 0 3  m high) arranged in three rows of three Each crib was 
constructed of 48 sticks of Douglas Fir (40 x 40 x 600 mm long) arranged in 8 layers of 
6 sticks and with an overaJl mass of - 2 1  5 kg and moisture content between 5-IQllIo 
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The bum room environment was monitored using thelIllocouple arrays and gas sampling 
was achieved Via a tube located 900 mm below ceiling level towards a forward corner of 
the compartment Peak heat release rates during the tests ranged from 1 . 8-2 6 MW and 
two different hose nozzles were employed during the tests, although both were operated 
at 584 kPa (- 6 bar), with a cone angle of 60· F1ashover was generally reached 2 
minutes after ignition and manual fire suppression commenced after a further 1 0  minutes 
had elapsed The four combinations of nozzle flow rate (I min-') and volume median 
drop size (�m) were 36. 5/930, 36. 5/930, 1 6.3/800 and 79.0/1 040. It was found that 
the sprays delivering 36.5 I .min-' were just able to control the fire, the 79 I .min-' spray 
extinguished the fire easily and the 16.3 I.min-' spray could not achieve fire 
extinguishment (indicating that for the specific test conditions, 16.3 I.min-' is less than 
the critical application rate). A detailed comparison of the test data with the FD Model 
appeared in a separate report 
Fire extinguishment tests conducted in a full-scale simulated ship-board space using low 
flow rate hosereels were discussed by Scheffey and Williams (Reference 183); these tests 
represented the second phase of the investigation described in Section 7.2. 1 (Reference 
1 59). The test compartment was approximately 4.3 x 2.3 x 2 m high and was made 
deliberately congested to prevent direct application of water to the seat of the Class ' A' 
fire (UL size 3A crib of mass - 57-68 kg). A total of 1 7  tests were carried out and 
variations included the degree of ventilation, the fuel mass and the opacity of the smoke 
(which was increased by adding tar-impregnated paper strips or rubber tyres to the fuel 
bed). Various firefighting tactics were also employed, including: direct (onto the fire) 
and indirect (cooling and 'steam smothering' of the entire compartment) spray 
application and continuous or pulsed spraying. The advantage of the latter was that 
steam bums to the firefighter could be avoided, since the production rate of water 
vapour clouds was more controllable and could therefore be more easily avoided by 
crouching at low level. The nozzle spray pattern was also varied: a wide angle fog was 
used for cooling and indirect firefighting while narrow angle fogs and straight streams 
were more effective for direct firefighting and breaking apart deep-seated smouldering 
materials. 
To aid the analysis of the results, the test fires were classed as 'small', 'medium' or 
'large'; the classification system was based primarily on the thermal environment within 
the compartment. For small fires the range of upper room gas temperatures was 250-
380 ·C and the chest height temperatures were 60-100 ·C; here the pre-bum time was 
less than 1 'h minutes. In the medium fires the corresponding temperature values were 
375-575 ·C and 1 20-195 ·C respectively and the pre-bum period was between 3-8 
minutes. Finally, for the large fires the maximum upper gas temperature was in excess 
of 500 ·C and the chest height temperature was greater than 200 ·C; the pre-bum time 
was from 8- 1 5  minutes. The amount of water required for extinguishment was 
compared with the previous series of unconfined tests (Section 7.2. 1 ,  Reference 1 59) 
and the cessation of flaming as observed with the IR camera was adopted as the fire 
control criterion. It was found that the volume of water required to extinguish the 
enclosure fires was considerably greater than that required to extinguish similar fires 
under more 'controlled' conditions; between 1 5-50 times more water was used in 
extinguishing the compartment fires compared with the previous unconfined 
experiments. Specifically, for fires beyond the incipient level (small fires), the water 
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usage increased from - 1 6  I for the outdoor fires to between 1 1)·318 I for similar 
enclosure fires The efficiency of the low flow hosereel system (I 9 cm diameter hose 
delivering - 5 1 1  min-L at I 1 bar) was found to be bener than with higher flow hand lines 
(3 8 cm diameter hose delivering - 121·219 1 min-I at pressures between 3 8-4 1 bar) In 
addition, the 'short water burst' tactic was shown to be an effective procedure 
In the UK, the Fire Experimental Unit (FEU) of the Home Office Scientific Research 
and Development Branch (SRDB) have also investigated the suppression and extinction 
of companment fires (Reference 32) The main purpose of the tests was to compare the 
effectiveness of 'high pressure fog' and 'Iow pressure spray' and in particular, to 
investigate claims that high pressure systems offered more rapid cooling through the 
production of finer sprays which were more easity evaporated in the fire compartment 
The test compartment was - 4 3 m square in plan with an internal height of 2 7 m, the 
brick walls were - 0 3 m thick and the floor of the room was cast in concrete Three of 
the four walls contained the following ventilation openings a doorway 0 9 x I 9 m high 
and two windows (1 .8 x 1.2 m high) located centrally in the walls adjacent to the door at 
- 0 5 m below the ceiling Three wooden cribs, conforming to BS 5423 1980 were 
arranged in the companment to give a fire load of 500 kg, one crib (of length 2 7  m) 
was sited under each of the twO windOWl and the third crib (3 4 m long) was located at 
the base of the back wall opposite the doorway Instrumentation included 
thermocouples., radiometers. video cameras and a thmnal imaging camera 
A total of 18 different types of hosereel gun were obtained for the trials, with operating 
pressures in the range 2-45 bar (- 30--650 psig) Prior to the fire suppression tests the 
hosereel guns were subjected to mass distribution and drop size distribution tests in 
order to characterise the sprays produced In order to standardise the app lication or 
'sweep' of the spray during the suppression tests, by removing the human element, a 
remote fire·fighting rig was employed (described in detail in Reference 32) Each gun 
was fixed to the remotely--operated turntable and adjusted to give a spray cone angle of 
26° at an operating pressure (4.35 bar) corresponding to a flow rate of 100 I.min-I 
Following ignition, the test cribs were allowed to bum for 8 minutes until steady·state 
conditions were attained with heat release rates of - 6 MW At this point the spray gun 
was activated from its initial location at the centre of the doorway. the spray was 
continually swept from side to side in order to deliver water to the burning surfaces of 
all three cribs After a funher two minutes, the remOle rig was advanced into the centre 
of the compartment; the sweep angle was then increased to ensure all the cribs were still 
being wened by the sweeping action. 
A total of 8 different hosereel systems were used for these trials and the general 
progression of fire suppression for the tests is illustrated in the temperature/time curve 
of Figure 32 During the first phase of suppression, a large volume of steam was 
generated which obscured the direct observation of the companment interior; air 
temperatures in the doorway were observed to rise, on average, some 70° above the 
initial ambient level This initial temperature rise was followed immediately by the most 
rapid cooling period where the companment temperature was approximately halved 
over a 30 second interval The test data indicated that after a period of 1 or 2 minutes, 
little or no further reduction in air temperature was obtained The second phase of 
suppression shown in Figure 32 corresponds roughly to the period between a significant 
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fall in the cooling rate to the stage where the fire is 'stabilised' and considered to be 
'under control' .  No further progress was possible until the rig was moved further into 
the room, however the limitations of the fixed spray precluded finaJ extinction to be 
achieved in any of the test fires. It is interesting to note that there is a good qualitative 
agreement between Figure 32 and some of PietrzaJc's theoretical predictions reported in 
References 143-145. 
On the basis of the trials, it was concluded that the way a hosereel is used to attack a 
fierce compartment fire is more important than any variations in the characteristic 
droplet size or velocity. It was found that the differences in mean droplet diameter for 
different sprays was not as great as was first expected; also all the droplet size data 
collected revealed a wide spectrum of droplet diameters. There appeared to be a broad 
trend for higher pressure guns to produce somewhat smaller mean droplet diameters. 
During 'phase l '  there was a trend for the finer sprays to induce more effective cooling 
of the air at the doorway due to their more rapid evaporation; however, the sudden exit 
of the expanding cloud of products and water vapour was seen as a potential threat to 
fire-fighters. In 'phase 2' of the suppression curve, fire suppression was generally better 
with lower velocity sprays; it was also concluded that sprays in the form of a solid, 
uniform cones were preferable. Also during 'phase 2', high pressure sprays offered 
potentially increased throw and possible increased flow rates. During 'phase 3', where 
persistent pockets of flame are to be extinguished from close range, droplet size 
variations are of little consequence and operator ability is paramount. Overall it was 
concluded that a versatile branch was important and that the spray should possess a solid 
and uniform cone. The effectiveness of good tactical firefighting was demonstrated, and 
higher pressure seemed to offer several benefits: increased flow at a given gun setting, 
increased throw and a finer spray (promoting more rapid room cooling). 
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7.4 Tesl data arising from WMFSS development 
VU Genera! 
The burgeoning interest in 'Water Mist Fire Suppression Systems' (WMFSS) has 
already been discussed briefly in Section 4 I 3 Mawhinney (Reference 133) considered 
the current phil osophy regarding the design of WMFSS as a fixed fire protection 
measure The existing Draft Standards (References 22, 184) relating to the installation 
of such systems do not adopt a 'first-principles' approach because of the 'uncertainty 
about the ability to achieve a targeted perfonnance under varying field conditions ' 
(Reference 133) Instead, current practice regarding the use ofWMFSS is to accept (or 
reject) systems on a 'case-by-case' basis, relying on full-scale fire tests for the ultimate 
verification of perfonnance Thus the infonnation contained in References 22 and 184 is 
more relevant to the design of such tests and does not provide any definitive 
performance criteria relating to commercially-avail able WMFSS nozzles Therefore 
these Standards do not explicitly shed any light on how WMFSS sprays would be 
expected to interact with Class ' A' fires, although Reference 22 states that if Class ' A' 
fire extinguishment is required, then ' consideration shall be given to the potential for 
deep-seated fires as well as to the potential for smouldering fires' The following section 
is comprised of reports of recent WMFSS trials, although the tests concentrate on Class 
'B' fires, some of the observations are relevant to the present study of Class • A' fire 
suppressIon 
7,4,2 Accounts ofsome notable WMFSS tests 
7.4.2. J SiNTEF erpenments - N01'"I4'OY 
Wighus (Reference 185) reported reduced scale experiments on the effect of a water 
spray against a confined propane gas fire (- 1 MW). The size of the model was 2 5 x 
2 5  x 5 m (- 30 ml) and represented a 1 :4 scale offshore process module, with natural 
ventilation through openings at floor and ceiling level The tests were intended to 
quantify the suppression effectiveness of various water sprays against enclosed 
hydrocarbon fires, in an effort to improve the design of active fire suppression systems 
and so move away from the traditional water deluge delivery standards based solely OD 
industrial experience The main mechanisms of fire suppression/extinction were given 
as. cooling of the flames to a temperature where the chemical reactions cannot be 
sustained, reduction of oxygen concentration to a level where combustion cannot be 
sustained., increasing the flow velocity to a level where the physical residence time of the 
fuel and oxygen in a combustible mixture is less than the time scale of the chemical 
reactions and adding components to the combustion zone which disrupt the chemical 
chain reactions by the substitution of competing endothennic reactions 
The most probable mechanisms applicable to water sprays are a combination of 
evaporative cooling (liquid water -+ water vapour) and subsequent depletion of the 
oxygen concentration by the steam produced It was noted that the critical 
concentration for flame extinction in a well-stirred reactor is 300/0 (on a mole basis) but 
that the less efficiently-mixed case of a room fire would require a higher critical mole 
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fraction of steam to ensure extinction. Wighus (Reference 185) stressed the strong 
dependence of extinguishment effectiveness on water droplet diameter, previously 
observed by other workers (e.g. McCaflTey, Reference 45). Investigations conducted by 
Underwriter's Laboratories Inc. were cited (Reference 1 49), where a marked 
improvement in effectiveness was seen for water droplets < 300 )lm in small scale tests 
against gasoline fires (a 40% reduction in the required delivery density of water was 
observed when the mean droplet diameter was reduced from 300 to 1 25 )lm). Smaller 
droplets are able to evaporate faster when exposed to hot gases and the 'residence time' 
of a spray droplet can be defined as the time from discharge until it impinges on a 
surface or is convected from the compartment. The residence time dictates how much 
heat can be absorbed from the fire environment. Very small droplets will tend to 
evaporate in the upper part of the room and most of the steam will be convected with 
the smoke through any exhaust opening. The rapid evaporation of the water leads to an 
increase in volume of the water by a factor of - 1 000 and the ensuing increase in 
pressure may restrict the combustion air flowing into the enclosure. In addition, smoke 
and combustion products may be recirculated from the upper layers back down into the 
flame zone; a combination of these effects may lead to fire extinguishment by oxygen 
starvation. 
Wighus (Reference 1 85) described the concept of the 'Spray Heat Absorption Ratio' 
(SHAR) which was used to assess the SIN1EF test results. The analysis was based on 
measuring the various components of heat flux to the different parts of the room and its 
surroundings. The SHAR is defined by the heat balance equation, 
(95) 
where the 'SHAR' is non-dimensional, Q is the total heat release rate from fire (W), 
QWall is the rate of heat absorption by walls, Q..il is the rate of heat absorption by ceiling, 
QIJoo< is the rate of heat absorption by floor and Qvent is the convection heat loss rate by 
ventilation. The thermal energy absorbed by the water was divided into four 
components: that required to heat the water from its supply temperature to 1 00°C; that 
required for phase change from liquid state to steam; that involved in superheating steam 
to the exhaust gas temperature and the energy required to heat "run off" water from the 
supply temperature to its final temperature. Experimental errors limited the accuracy of 
the SHAR calculation to ± 20% (Reference 1 85). 
The primary variables in the experiments were the nozzle type, the water pressure and 
the number ( 1  or 2) and location of the nozzles; the particular combination of these 
parameters determined the water application rate (I.min" . m'2) and the mean droplet 
diameter (617-1 569 )lm). The propane line burner arrangement gave an initial heat 
output of - I MW at the start of the test and thereafter feU to 850--900 kW over a 
period of 1 5  minutes due to the pressure drop in the supply tank. The reaction of the 
fire to the application of the water spray was dependent upon the characteristics of the 
spray and two broad categories of behaviour were observed. The first few seconds of 
spray application were found to be critical in determining whether the outcome of the 
test was fire extinguishment or merely fire suppression (burning with a reduced heat 
release rate). The spray was initially observed to deflect the flames and a 'fight' COPIed 
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between the flames and the spray, where the former became bluish and were replaced by 
steam In some cases flaming was observed to persist in other parts of the enclosure, 
even at the high-level outlet only if the spray was able to dislodge the flames from the 
burner base for longer than - 10 seconds, then total extinguj5hment was the most 
probable outcome If this condition was not satisfied, flames were seen to re-enter the 
compartment and more or less stabilise, although they were subject to perturbations 
caused by the spray-induced air flows The experimental programme was designed to 
find the limit for extinguishment for three different nozzles operating at a range of 
pressures (which produced different mean droplet diameters and colTespondmg delivery 
densities) 
The results of the experiments showed that the SHAR value, initially zero (start oftest, 
no water application), rose sharply to a peak upon activation of the nozzle and then fell 
to a lower value It was determined that �instant extinction� was possible only if the 
SHAR value was greater than 0 6 in the early stages (I.e. that spray was absorblllg 00-1-
of the heat released by the fire) If instant extinguishment was not achieved, typical 
longer-term SHAR values of - 0 1-0 3 resulted in fire suppression only; in these cases 
the SHAR value had to be increased to > 0 7 to effect extinguishment in the longer tenn 
(by manually increasing the delivery pressure) A clear correlation was obtained 
between the SHAR value and nozzle pressure, higher pressure resulted in an increased 
delivery density and smaller mean droplet diameter The heat transfer from the hot 
smoke to the water spray depends upon the temperature and velocity gradients between 
the droplets and the hot smoke and on the total surface area For a constant water flow 
rate, the total surface area of the spray is directly proportional to the inverse of the 
droplet radius Although it is true that smaller droplets evaporate faster than larger 
ones, the transport and residence time characteristics of the drops are also important 
Wighus (Reference 185) inferred a 'critical droplet size' of 3000 �m (3 nun) from the 
SINTEF data, above this mean droplet diameter, the water application rate for 
extinguishment rose exponenrially with increasing mean droplet diameter A similar 
trend was noted in the (small-scale) Underwriters Laboratories data, although the 
critical mean droplet diameter was - 300 �m, indicating a scale effect between the two 
sets of data 
A series of scaling criteria were presented by Wighus, based on Froude number 
similarity, as developed for the study of fire plume problems The various scaling 
parameters were based on geometrical similarity, thermodynamic similarity and dynamic 
similarity principles as follows The fire compartments must be geometrically simil ar, 
such that a length scale is defined as L = 1 .. /1, The fuel burning rate is scaled with L''l 
so that � / LS/2 - constant Similarity between the thenna! properties of the ceiling, 
walls and floor is preserved such that le· 7;,/( 6· LI/l) "" constant, and 'e' L/{P'C, . le . �) 
= constant The flow pattern of the droplets leaving the nozzle is simil ar and the 
droplet velocity is scaled by V) £1/2 E constant The droplet diameter is scaled by 
d .. / £\2 _ constant, and the water application rate is scaled by m.../ LS'l :z constant 
It was cautioned that these relationships were solely theoretical and that experimental 
verification was still lacking, although there was some evidence to support their validity 
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Using these criteria, Wighus derived 'full scale' predictions from the 30 m' enclosure 
experiments assuming a prototype compartment with sides 4 times larger than the 
experimental case (i.e. an enclosure - 2000 m'). For a geometrically similar nozzle, the 
scaling predicts that: 
• A fire of 32 MW (rhr = 0.7 kg.s-' propane) is extinguished by a water application 
rate of2.7 1.min-l m-2 with a full cone spray of mean droplet diameter 1200 ).1m; with 
a mean diameter of 2000 ).1m (2 mm), the required delivery rate is - 7  1. min-l m-2 
• A water application rate of 1 0  l.min-l m-2 (typical conventional deluge system) can 
extinguish a propane fire of 1 19 MW (me = 2.6 kg.s-') if the mean droplet diameter 
is 1200 ).1m. 
Alternative methods of estimating the efficiency of water sprays and mists have been 
presented by other workers (e.g. in References 45 and 1 86). Carhart et al. (Reference 
1 86) discussed the potential of water mist as a fire suppressant and showed by a 
simplistic calculation that one gram of water could, in theory at least, extinguish a flame 
volume of 50 litres by reducing its temperature from 2000 K to a limiting flame 
temperature of 1 600 K. It was also suggested that the addition of 2.7 g of water per 
mole of hot gas would produce enough water vapour to reduce the oxygen 
concentration to - 1 8.3% and that this in turn would reduce the amount of water 
required to extinguish the remaining flame. McCafITey (Reference 45) examined the 
mechanisms by which water sprays can effect the suppression and extinction of flames, 
including disruption offlame stability, interference with thermodynamic equilibrium (and 
therefore flame temperature) and momentum exchange between the water spray and the 
flame envelope. McCafITey correlated his small-scale data using the concept of an 
"equivalent heat release rate", QE ' equal to the normal heat release rate of the flame, Q, 
minus the calculated cooling effect of the water QH,O' Assuming an initial water 
temperature of 20°C, the latent and specific heat comprising QH,O were defined as 
follows, 
liquid: 0.0042 kW/(g.s-l K) x 80 K 
vapourisation: 2.26 kW/(g.s-') 
steam: 0.0024 kW/(g.s-l K) x (Tf - 373) 
or, 
(96) 
assuming a constant value for the specific heat capacity of steam Cp at 1 150 K, a 
midrange value between that at boiling (0.0020 J.kg-l K'), a nominal maximum flame 
temperature of 2000 K (0.0028 J .kg"l K') and mH,o measured in g.S-l It was noted that 
at a representative flame temperature of Tf = 1500 K, the contribution to the total cooling capacity of 'liquid heating' plus 'vapourisation' is approximately equal to that of 
the 'steam heating' alone (see Figure 1 8); therefore the cooling capacity of a liquid 
water spray is double that of an equivalent mass flow of steam. 
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7.4.1.2 Ship protecllon 
Turner (Reference 19) described the development of MarioR's Hi-Fog system and its 
marine applications in accommodation areas, engine rooms etc and also some land­
based uses. Two years of intensive development work, including over 400 actual fire 
tests, had resulted in the approval of the Hi-Fog system by European Authorities 
including the UK Depanment ofTranspon and systems had been installed in Europe and 
Scandinavia Although the benefits of water mists had been recognised for some years, 
their use had been restricted to a very few practical applications such as chimney fire 
extinguishment One of the main drawbacks was the lack of penetration of the fine 
droplets into the flue gases Despite the extremely efficient cooling capacity compared 
with sprinklers, the low mass of the droplets made it impossible 10 penetrate the plume 
produced by even a moderate combustion source The Marioff system overcomes this 
problem by using high pressure hydraulic technology to generate a fog which is 
propelled at a velocity high enough to penetrate even a post-tlashover fire environment 
A number of tests were described by Turner (Reference 19), perfonned by SP, the 
Swedish National Testing & Research Institute in 1991/92 to investigate the system's 
performance against fires in cabins, large rooms and in public open spaces on board a 
passenger ship 1be scenarios most relevant to the present study were designed to 
simulate fires in various machinery spaces. Marioff have designed a special system for 
these hazards, employing a low pressure water fog as a cooling and controlling 
mechanism and a high pressure fog for extinguishing The operating sequence involves 
firstly a high pressure burst of fog ensures that the water achieves good penetration of 
the combustion zone and the subsequent continuation of the low pressure mist supplies 
continuous coo ling to prevent reignition. The machinery space tests described in 
Reference 19 were as follows 
• Prototype machinery space fire leSI$, Finland - July 1991 
A series of tests was carried out in a purpose built fire test engine room of 261 m) 
Nine gas burners (- 400 kW) were ignited to heat a steel plate simulating a split oil 
pipe or filter housing When the temperature reached - 600 °C, an oil flow of 10 
I min·1 at 130 bar was sprayed over the hot plate to ignite the flow into the bilges 
After a delay of several minutes the system was activated and in the 5 tests, 
extinguisrunent was attained in 6-35 s after activation and with a water demand or 6-
34 litres 
• Machinery space development trials, Sweden - April JUlle 1992 
A series of full scale tests were carried out in SP's fire hall within a companment of 
dimensions 8 It 10 It 4 8 m high The tltperiments were designed to evaluate the Hi­
Fog's performance against pool and spray fires in a simulated ship's engine room 
Fuel oil, diesel oil and lubrication oil pools fires of area 2-11 ml were set up, and 
spray fires and spray/pool combinations were also employed (using the same fuels) 
Approximately 150 different tests were conducted using the Hi-Fog high pressure 
system and a large number of system modifications and improvements were 
introduced The tests showed that the system was able to extinguish large engine 
room fires with pool and spray fires combined with natural ventilation from open 
doors and hatches Previous tests conducted by SP had shown that a water spray 
!32 
with a 5 I .min-'. m-2 delivery rate (SOLAS Chapter ll-2, Regulation 10) had a very 
limited extinguishing capacity compared with the Hi-Fog system. 
• Large engine room fire tests, Finland - November 1992 
Eight full-scale suppression experiments were carried in the large test hall belonging 
to the Fire Technology Laboratory at VTT. An engine mock-up, identical to that 
used in previous tests, was constructed in the test hall to simulate a large engine 
room and diesel oil was used as the fuel. The most intense fire constructed for the 
tests comprised four pool fires under the engine model plus one pool fire on top 
(total area 1 1  m2) and a spray fire alongside. The maximum heat release rate was 
estimated to be - 20 MW. The pre-burn time in all tests was around 2 minutes from 
the point of ignition, after which the Hi-Fog system was activated manually (with 
different water pressures used for different tests). The tests demonstrated the ability 
of the system to extinguish a 20 MW oil fire even in an unenclosed large space. 
7.4.2.3 Telecommunications and utilities protection (live electrical equipment) 
The use of water mist as a replacement for the 'total flooding' agent Halon 1 30 1  has 
been discussed by Simpson and Smith (Reference 1 87) and by Mawhinney (Reference 
1 88). In Reference 1 87 the point was made that while water is known to be a good 
Class 'A' and B fire suppressant, " . . .  scepticism remains over its use in Class C 
applications due to its conductivity." Mawhinney (Reference 188) also raised the 
problem of possible corrosion of circuitry due to the increase in humidity. The feasibility 
study in Reference 1 87 was designed to assess the effectiveness of water mist in 
suppression a fire in telecommunications switch gear. The switch gear geometry was 
such that direct application of mist could be achieved from the top, bottom or side of the 
vertically-oriented void channels between the printed circuit boards. From a practical 
standpoint, total flooding ('room fogging') is undesirable because of the potential 
disruption to non fire affected equipment bays. The tests therefore, employed manifolds 
which allowed the nozzles to be sited between the rows of PCBs. It was found that 
twin-fluid nozzles performed equally as well as the single fluid types but the former's 
added complexity detracted from their suitability. Sprays with a narrow cone angle 
concentrated the water inside the bay and led to rapid extinguishment; also, coarse, low 
pressure sprays consumed more water and gave a longer extinguishment times than the 
high pressure single fluid or twin-fluid designs. The larger, lower velocity droplets 
produced by the coarse sprays were not able to negotiate obstacles or penetrate to the 
seat of combustion effectively. Experiments on energised equipment showed that water 
fog did not damage the electrical gear contained in the bay. The water fog activated the 
current trips (set at - 1 0-100 mA) in each bay so the shock hazard associated with using 




7.4.1.4 Gas flIrbme l!fIcloSllreS 
Wighus et al (Reference 189) reported the resuhs of a major research programme in 
tended to assess the practicability of replacing Halon systems by water mist for the fire 
protection in turbine hoods on offshore platfonns The project was subdivided into 3 
phases 
• Phase I involved tests in a 30 m3 teSI chamber designed to characterise the effect of 
different water spray noules against gas fires� these tests have been discussed in 
Section 7 4 2.1  of the present report (Reference 185) The main results of these 
tests were the identification of a suitable noule design and the most challenging fire 
scenanos 
• Phase IT of the project was carried out in a full scale mock-up of a turbine hood with 
a model turbine inside Anention was paid to retaining a realistic geometry, 
including obstacle and a representative ventilation system. The total volume of the 
turbine hood was - 70 m3 The Fine Water Spray system was used against various 
fires and the possibiliry of turbine damage from rapid cooling was investigated 
• Phase ID employed the same turbine mock-up, but in an enclosure of - 140 m3, 
which simulated a room containing an emergency generator. Diesel pool- and spray­
fires of various sizes were burned in different locations and the number and type of 
Fine Water Spray Nozzles was varied 
A full description of the turbine enclosure test series is included in Reference 189, for 
the sake of brevity, only the main conclusions are repeated below 
I .  The Fine Water Spray system is very efficient in extinguishing large fires in enclosed 
spaces. 
2. Ventilation-controUed fires are easily extinguished by the Fine Water Spray system 
3. Small fires are difficult to extinguish with the Fine Water Spray system, except when 
the spray directly hits the fire base. 
4 Fires from fuel-soaked into insulation mats are the most difficult fires to extinguish 
permanently with the Fine Water Spray system. Reignition frequently occurs after 
some minutes, even if the original fire was extinguished by the first water spray 
5 The additive 'FIRESTOP 107' used in a 3% solution in the spray water prevented 
reignition of the insulation mats soaked in diesel oil when a sequence of 10 s shots of 
spray was applied The sequence was' first shot (10 s duration), pause (60 s), 
second shot (10 s duration), followed by shots of 10 s duration repeated every 5 
minutes until the steel temperature of the turbine was below the self-ignition 
temperature of dieseJ oil 
6 Insulation mats impregnated with 'FIRESTOP 102' were very difficult to ignite and 
reignition after an extinguished fire was not observed, even if the mats still contained 
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diesel oil. When ignited by a torch the diesel oil soaked insulation mats protected by 
'FIRESTOP 102' burned at the edges only, in contrast to the unprotected mats 
which burned over their entire surface, 
7 The Fine Water Spray system operates as a total flooding (inert) fire suppression 
system when the fire size is large compared with the room size, 
8 The extinguishment mechanism of the Fine Water Spray system is a combination of 
inerting the combustion zone by water vapour and cooling of the reactants, 
9 The Fine Water Spray system works in two distinct extinguishing modes, namely 
extinguishment of flames and inerting of the enclosure, The first requires a certain 
water application rate, directed at the base of the fire while the second mode requires 
a certain total amount of water applied into the enclosure, and the application rate 
then influences the time to extinguishment only, 
1 0, When a small number of nozzles is installed in an enclosure, a sequence of 120 s 
water spray, pause of 120 s and then a second 120 s application of water spray is an 
efficient way of extinguishing small fires, This sequence is more efficient than one 
single spray of longer duration, When direct application to the base of the fire is not 
possible a spraying time of 20 s is more efficient in extinguishing the tested fires by 
the first spray than a 1 0  s spray, 
1 1 .  The minimum amount of water required for rapid extinguishment of a large fire (2-3 
diesel pool fires and a diesel spray fire) in a 70 m3 turbine hood is 4-5 litres, This 
amount corresponds to a specific water fraction of m_ = 0,06-0,07 I.m,3, A 
corresponding specific water fraction m_ = 0.4-0,6 I.m'3 is valid for small fires in 
large enclosures, where the spray from the nozzles does not cover the bases of all the 
fire sources, This proportion is valid for the actual turbine hood geometry and size, 
and for the Fine Water Spray nozzle jet at 1 0  I .min" 90° only as it is not verified for 
any other conditions, 
12, The pressure development in the turbine hood is characterised by a rapid drop 
immediately after introduction of the Fine Water Spray, and a stabilising about 
ambient pressure after a short period, The overpressure (- 50 Pa or 0.5 mbar) in the 
turbine hood is induced by the fire itself, when the ventilation dampers are shut 
down, The possibility of the underpressure (occurs despite the expansion of mist to 
steam) (- -250 to -350 Pa or -2,5 to -3,5 mbar) drawing in fresh combustion air was 
noted but not expanded upon, 
]3 ,  The oxygen concentration in the turbine hood when a fire was self-extinguished was 
- 9%, Corresponding CO2 concentration was 8% and CO was about 0.76% (7600 
ppm), In the experiment where Fine Water Spray extinguished the fire, the minimum 
oxygen concentration was in the range from 12,5-18%, Corresponding maximum 
CO2 concentration was in the range from 2-6% and CO concenbation was in the 
range from 0 , 1 -0,6% ( 1000-6000 ppm), 
]3S  
14 The conditions after extingWshment with the Fine Water Spray are much less 
hazardous for people than after a fire extinguished by oxygen starvation only The 
concentration of oxygen and C� are not critical for human exposure and the 
concentration of CO is well below critical values for 30 minutes in all experiments 
where the ventilation dampers were closed and the water spray activated shonJy 
after ignition of the fire 
1 5  Many large fires would be self-extinguished through lack of oxygen in closed spaces, 
regardless of the fire fighting system The positive effect of the Fine Water Spray 
system is that the burning time of the fue is reduced and the temperatures inside the 
enclosure are reduced to a level where the damage is small 
16 The inerting effect of water vapour decreases when the temperature is below the 
condensation point of water (100 °C) This means that the long-term inerting effect 
of the Fine Water Spray system is reduced both by leakages in the enclosure and by 
the condensation of water vapour 
17 The exit velocity of the water droplets is important regarding efficiency of the spray 
system A high exit velocity combined with a Median Droplet Diameter of - 200 � 
seems to be a near optimal combination for extinguishing hydrocarbon fires in 
enclosures with ceiling heights up to - 4 metres 
7.4.2.5 Gaseous combustlQfI (explosIOns) 
Smith (Reference 25) reported a series of explosion suppression trials carried out by 
Kidde lnternational in a 6 2 m) vessel of aspect ratio 2 6 1 against diesel spray 
explosions of defined severity A number of aqueous solutions were examined as rapid 
discharge fine sprays and �critical concentrations� were established, defined as the 
lowest agent concentration per unit volume which enabled the test agent to suppress the 
diesel explosion. Of the additives tested, several were found to give a marked 
improvement in perfonnance over plain water sprays and in doing so, to offer a 
capability greater than that of analogous Halon systems 
Jones and Nolan (Reference 13) reported that fine mists bad been used successfully to 
arrest the propagation of flames in stoichiometric mixtures of methane and air The 
experiments were perfonned at laboratory scale and at full-scale in a 100 m long tunnel 
of 2 m diameter and the methane flames were extinguished efficiently using fine, dense 
sprays with droplet diameters up to 100 IJ11l. Other work quoted in Reference 13 had 
shown that a smaller quantity of water was required to inert a mixture prior to ignition 
than to quench a fully established flame propagating through an identical mixture These 
tests were performed in a 1 m long perspex tube of 0 15 m i d  and it was also found that 
less water was required when the spray mean diameter was reduced Some tests using a 
mixture of steam and fine drops indicated that droplets with diameters < 10 IJ11l. behaved 
indistinguishably from the vapour Studies of fine spra� used against hydrogen-air 
flames were reported Reference 13, mixtures of 6 1-6 8% hydrogen (by volume) in air 
were ignited in a closed vessel and then water sprays were applied at the rate of 3 8 
1 min-I At a concentration of 0 0067 m) of mist per cubic metre of protected space, the 
hydrogen-air flame was successfully quenched. a lower mist concentration allowed a 
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weakened flame to ignite but displayed some ability to cool the combustion. Computer 
simulations were quoted which had suggested that droplets of around 20 llITl diameter 
should be capable of cooling a stoichiometric hydrogen-air flame significantly. 
Grin and Sergeev (Reference 60) performed a computational simulation of the heat 
transfer between a water spray and high-temperature flame typical of a dust-gas-air 
explosion. Assuming a time of contact between the droplet cloud and the explosion 
flame to be 1 50 ms, a parametric study was performed to determine how the rate of 
cooling was affected by different diameters of droplet and the number of droplets per 
unit volume. Assuming a flame front temperature of 1273 K, an initial spray 
temperature of 293 K, and a flame cut-off temperature of 775 K it was found that the 
optimum dispersed-water cloud had a density of 0.3 kg m"3 and a droplet diameter of 75 
llITl. The rate of evaporation of the droplets depended on their size, the density of the 
dispersed cloud and its time of contact with the flame. These results were reported to be 
in good agreement with experimental data in which the water consumption for the 
extinction of an explosion flame was 0.25-0.4 kg. m"'. 
Jones and Thomas (Reference 1 90) and van Wingerden (Reference 191)  both reported 
that conventional water deluge systems have an initial acceleratory effect when applied 
to explosions, generating an increased overpressure compared with the 'unprotected' 
case. In the latter stages of combustion however, the sprays are observed to reduce the 
pressure generated. It was thought that the initial increase in combustion rate may be 
due to the enhanced mixing caused by spray-induced turbulence; it had been observed 
during some tests that a higher velocity spray nozzle produced a greater initial explosive 
overpressure. It was further suggested that the mitigation effect observed subsequently 
was due to a fine water mist being produced by droplet break-up of the 'parent spray' in 
the initial explosion (Reference 1 90). Once very small droplets are available, the usual 
very efficient mechanisms of heat removal and inertion can take place and suppress or 
even extinguish the combustion. It was also concluded that in the case of conventional 
deluge systems, very fast propagating flames (200-400 m.s"') were more easily 
extinguished than slower ones as the latter could not generate the fragmentation 
processes required to produce the fine droplets required. 
7.4.3 Design considerations for water mist fire suppression systems (WMFSS) 
With the phaseout of Halons and the proliferation of commercial water mist systems, 
would-be users of the new technology require guidance as to the suitability of these 
systems for their particular application. Some attempts at providing this guidance have 
been made in References 192 and 193. Mawhinney (Reference 1 92) identified a 
considerable international interest in the development of design criteria 
generated by two main expectations: 
• It was anticipated that water mist systems would provide economic advantages due 
to the promise of a fast -acting, low water demand fire suppression system; 
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• Many fire safety speciaJists viewed the use of . fine mist as a potential replacement 
for gaseous fire suppressants, assuming that the mist wil l be drawn by convective air 
movements into all recesses of the protected space 
Mawhinney also referred to the e1Ctensive published work describing the successes of 
WMFSS technology and noted that despite these 'case studies', fundamental questions 
still remained regarding how to actually design such a system Such questions included 
how to characterise the effectiveness of a 'fine spray', which systems are the most cost· 
effective and reliable, how are the spray characteristics related to the 'design fire' and 
the type of space involved, etc ? The situation regarding WMFSS design was compared 
with that of sprinkler design where wen.established practices., buitt-up over a number of 
years (based on full·scaIe tests and backed up by years of fire loss data), allow the 
designer to tailor a sprinkler system to match the fuel type, heat release rate and 
geometry of the protected space In the case of sprinklers these standardised procedures 
are valid for most commonly encountered situations and require expert modification only 
in a small number of cases; the design process is further aided by the availabi lity of 
technical reference books and computerised design procedures. Such 'technical 
infrastructure' does not yet exist for WMFSS 
Mawhinney suggested an outline design procedure to indicate the nature of the problems 
to be solved at each stage and offering possible directions for resolving these problems 
The genera) process suggested in Reference 192 is outlined here 
• Define the fire scenarIo 
Fuel type - liquid pooVliquid jet/gas jet/electrical/Class ' A' 
Fuel configuration - floor level pool /jet fire at floor, mid·height or ceiling height elc 
Compartment conditions - dimensionslopen-closedlventilationlshielded fire etc. 
The fuel type determines the heat release rate and the potential duration of the fire 
The fuel configuration determines how fast the fire grows and spreads, while the 
compartment conditions determine the intensity of radiation from the surroundings 
back to the fire, the velocity of the fire plume, the rate of deepening of the hot gas 
layer and the manner in which a fire suppressant can be distributed in space 
• Define the fire safety objectIVe 
Having identified the fire scenario, it is necessary for the designer to set realistic 
criteria by which to judge the WMFSS perfonnance For sprinkler systems two 
outcomes are possible, either it extinguishes the fire or limits the fire size, burning 
rate and room temperatures to minimise the potential for hann Water mist systems 
provide additional possibilities., such as the attenuation of radiation (used in post­
crash aircraft fire control), which may provide valuable additional escape time If 
WMFSS is to replace a Halon system, then it is natural to compare the perfonnance 
of the two, however it may be that tbe WMFSS does not completely extinguish the 
fire in contrast to the HaJon perfonnance In this case there may exist various 
'compensating factors' for WMFSS, such as a more rapid temperature reduction due 
its superior cooling effect, less restrictions on the level of compartment sealing 
design and more rapid re-entry to the space etc 
138 
• Characteristics of water mists for fire suppression 
To characterise a fine spray suitable for fire suppression, it is necessary to describe 
more than a single droplet diameter. At least two parameters are needed, one to 
describe a representative diameter and another to describe the range. Mawhinney 
suggested that a plot of cumulative percent volume versus diameter should be 
provided and noted that various empirical distribution functions were available to 
facilitate the input of drop size distribution data into CFD codes. In practice the 
droplets produced will vary greatly, for example the drop size distribution close to 
the nozzle will be much finer than at some distance away. Also the interaction 
between adjacent spray cones and obstructions results in agglomeration of drops so 
that the volumetric mean diameter (VMO) of the spray well inside the enclosure may 
be - 1 00% larger than at the nozzle. The range of drop sizes will also be expected 
to increase within the protected volume. The spray density is very important for fire 
suppression but Mawhinney noted that at present it is difficult to relate the 'actual 
delivered density' to the 'required delivered density' for a range of fire scenarios. 
The use of a global density defined as the mean density per unit volume in the 
protected space was considered to be only useful for basic comparisons due to the 
large difference in localised densities in practice. It was considered more important 
to understand and to have control over localised spray densities in relation to the fuel 
source than to quantify spray density broadly in average terms. The spray angle and 
spray momentum are the factors inlIuencing nozzle spacing and the ability of the 
spray to fill the compartment in spite of obstructions. Mawhinney noted that sprays 
with high momentum interact turbulently with the flame and appear to improve 
extinguishment. 
• Spray flux reqUired for extinguishment 
Mawhinney (Reference 1 92) reported that a great deal of work had been done over 
the past 40 years in an effort to answer the question of what minimum rate of 
application of spray is required to extinguish a fire. Various approaches were 
mentioned, including the determination of a critical ratio of spray volume to flame 
volume, where one hypothesis predicts extinguishment if the water mist occupies 
10% of the flame volume. Wighus (Reference 193) estimated that the critical water 
application rate per unit flame volume was - 0.5 1.m-3. s-'. Other criteria were also 
listed in Reference 192, including a critical reduction in radiant heat energy following 
the application of water mist and the critical water delivery to fuel evolution ratio 
(rh.. irhr )· 
Wighus' 'SHAR' or spray heat absorption ratio (Reference 1 85), introduced in 
Section 7.4.2. 1 ,  predicts pool fire extinction when the SHAR - 0.6. Wighus 
(Reference 1 93) also gave approximate minimum water mist requirements for 'total 
flooding'. A 'large fire' in a 'small enclosure' was considered relatively easy to 
extinguish, particularly if the fire plume receives a 'direct hit' from the high­
momentum mist spray, or if a large fire has had time to develop, resulting in heat-up 
of the compartment boundaries and a general decrease in ambient oxygen levels. As 
a result of the turbine enclosure fire suppression progrlluulle (Reference 1 89), 
Wighus (Reference 1 93) suggested that a large confined fire could be extinguished 
with a specific water fraction of 0.05-0. 1 0  1.m·3, and a small relatively unconfined fire 
would require approximately 0.42-0.66 1.m-3 for complete extinguishment. 
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Mawhinney's experiments at full-scale (Reference J 92) also showed that it was easier 
to extinguish a large flaming fire than a small flaming fire. A 2 MW fire had reduced 
the compartment oxygen concentration to - 15% at the time of spray activation and 
extinguishment was thought to be due a combination of rapid cooling and steam 
production. the latter further reducing the already low oxygen concentration A 600 
kW fire in the same compartment proved more difficult to extinguish and the degree 
of obstruction within the compartmem became significant It was concluded that the 
relative importance of the extinguishment mechanisms changes with 6re size For a 
small fire, there is a greater need to make the spray interact with the visible flame 
whereas for a larger fire, steam displacemem of oxygen reduces the need for direct 
spray-flame interaction 
Mawhinney (Reference 192) noted that the implication of allowing a fire to grow 
significantly before attacking it ran very much counter to conventional wisdom. It 
was thought that while the strategy might be acceptable in some cases., it was 
probably not acceptable for fire hazards currently protected by Halon systems and 
for which WJ\.1FSS was a potential replacement It was considered more appropriate 
to design a suppression system with the intention of extinguishing the fire while 
small, implying that the nowes would need to be located so as to maximise the 
probability of spray interaction with the flame It was argued that strategic location 
of newes based on an analysis of potential fire hazards would be more effective than 
locating nowes to provide uniform density throughout the compartment Strategic 
placemem of the nozzles brings the additional benefit of a finer spray (with higher 
momentum) than would be the case for mist descending from the ceiling It was 
suggested that ceiling nowes supplying a lower delivery density would have the 
additional benefit of extracting heat from the fire gases and preventing heat damage 
to other objects in the compartment 
• Effecl oJ obstructions on spray densuy 
Every surface engulfed in a cloud of spray will become coated with water and 
therefore extract water mass from the spray Obstructions reduce the velocity and 
momentum of the spray and induce changes in direction; as a result, it is extremely 
important to take account of the effect of obstructions when designing WJ\.1FSS 
protection. It is often stated that water mists behave in the same manner as gaseous 
suppression agents and will move freely into all recesses of a compartment to the 
seat of the fire and then extinguish it. Smith (Reference 25) noted that most 
WJ\.1FSS produce droplets in the range 50·200 IlfII whereas it had been estimated 
that a droplet size of less than 20 !lm was required for the spray to have true 'gas­
like attributes' 
While Mawhinney (Reference 192) suggested that some mist usually was transported 
to all parts of the protected space, the crucial point was that the mass of water per 
unit volume of air was reduced eve!)' time an obstacle was traversed It was 
emphasised that the success of a spray in extinguishing a flame appears to require 
that the spray has a degree of momentum to enable the droplets to penetrate the 
flame interior Experiments were described where 0 5 m diameter pool fires were 
surrounded by a fine mist and continued to bum (the only momentum source was the 
buoyant fire plume in this case) lbe fire was apparently able to entrain sufficient 
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oxygen for combustion from the mist-filled atmosphere. Only when the mist was 
able to push itself into the flame core could the fire be extinguished. It is possible 
under some conditions that the presence of obstacles may improve the effectiveness 
of the mist by deflecting the spray into the flame region, but less favourable 
conditions will impair the spray's performance. Mawhinney (Reference 1 92) 
recommended adopting the conservative assumption that conditions will seldom be 
favourable and to compensate for obstructions by reducing nozzle spacings, 
increasing the initial spray momentum and to look for ' strategically favourable' 
nozzle locations. Although it is convenient to install ceiling mounted nozzles in all 
compartments (as in the case of sprinklers), it was strongly recommended that more 
detailed consideration should be given to the siting of water mist nozzles. Criteria 
for judging 'strategic location' include the projection capability of the nozzle, the 
spray angle and initial flux density and the geometry of obstructions. Nozzles may 
have to be mounted horizontally in some cases in order to maximise the coverage 
volume and to maintain the spray parallel to, rather than orthogonal to, cables trays 
and ducts etc. In large machinery spaces it hecomes impractical to use nozzles with 
horizontal projection distances less than 3-4 metres because of the economic 
disadvantage of having to install too many nozzles. 
• Ventilation considerations 
Mawhinney (Reference 192) noted that where WMFSS are to be installed as a direct 
replacement for a Halon system, the compartment may be assumed to have no leaks, 
and in such cases the ventilation system will usually be designed to close 
automatically upon receipt of a detector signal. The potential advantage here is that 
the same extinction capability may be achieved at a lower spray density than would 
be required in an open, fully-ventilated compartment. One caveat for the installation 
of WMFSS in sealed compartments is that the twin-fluid variety of nozzle will 
quickly pressurise the compartment due to the substantial gas flow required for 
operation; such overpressures may have serious implications for subsequent smoke 
control in adjacent areas. One further effect is mentioned in (Reference 192), that of 
pressure fluctuations when the WMFSS is activated. It has been well documented 
by the Fire Service that windows may implode upon application of a water spray and 
Mawhinney cited observations in the literature that when a spray is injected directly 
into a flame or hot gas layer, the result is a sudden contraction and reduction in gas 
volume. The magnitude of the gas contraction is much greater than the expansion of 
steam as the droplets evaporate. It was observed that the magnitude of this 
implosion effect was greater for WMFSS than for sprink1ers because the coarser 
droplet size of the latter does not promote the exceptionally rapid cooling typical of 
water mist droplets. 
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7.S SummaI)' 
Many different techniques have been employed for the evaluation of fire suppressanu 
and their method of application The problem is complex, owing to the great diversity in 
fire types, extinguishing agents and the techniques of application, these difficulties are 
compounded by the need to specify the condition and rate of application of the agent 
Laboratory tests are favoured for reasons of economy and the degree of control which 
may be exercised on the test conditions However, the problems associated with 
extrapolating small·scale data to predict large-scale behaviour are weU·known, 
particularly where combustion systems are concerned, and this recognition has provided 
the impetus for tests at more realistic scales Fire suppression tests on confined and 
unconfined fires conducted at a range of scales have been described in this Section, the 
most important data from these tests are summarised in Tables AI and A2 (Appendix I) 
Several important points emerge from reports of the various experimental studies 
• Fire suppression tests involving water are commonly discussed in tems of the 
'application rate', measured in I min-I or 1 m-l min-I, a plot of extinguishment time 
versus application rate results in a characteristic curve (see Figure 30) In such tests, 
there exists a 'criticaJ application rate' (m.:.,), below which the fire cannot be 
extinguished There is also a minimum time to extinguishment, which can be quite 
reproducible when the firefighter is familiar with the test conditions The quantity of 
water required for successful extinguishment may be caJculated from the product of 
the extinguishment time and the application rate A plot of quantity versus rate (the 
'QIR' curve) can then be constructed (see Figure 31), 
• The criticaJ rate (defined above), the 'optimum rate' and the 'preferred rate' of agent 
application may be plotted on a typical QIR curve The optimum rate corresponds to 
the case where fire extinguishment is achieved using the minimum total quantity of 
agent_ The preferred rate corresponds to a somew-hat higher rate used by fire-fighters 
in practice, in order to ensure successful extinguishment While the optimum rate is 
more economicaJ, its proximity to the critica1 rate makes it unsuitable in practice, 
although the preferred rate may be some 3-4 times greater than the critica1 rate and 
hence less economicaJ than the optimum delivery rate, the time to extinguishment is 
reduced (Figure 30); 
• The critical rate has been found to vary with the panicular fire scenario, especially the 
fire development time (or 'pre.-bum' period), degree of ventilation and method of 
water application_ In general, the critical rate has been found to be higher with 
increasing pre-bum time and total area of ventilation openings (Av) and lower when 
water is applied from the base ofa fire upwards rather than wee \'ersa, 
• The total volume of water (I) required to extinguish a compartment fire may also be 
expressed 'per unit volume of flame' O_m-l), per unit volume of enclosure (I mOl) or 
per unit floor area (1 mol) The total water volume required for Class 'A' fire 
extinguishment increases linearly with room size and depends also on Q (I min-I) and 
Av (m� Increasing the room ventilation increases the total water required for fire 
extinguishment, whereas reducing the ventilation decreases the extinguishment time 
significantly because the production of water vapour assists in smothering the fire, 
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• Values of the critical application rate (m:;,) detennined in the laboratory are 
consistently some 10-100 times less than those required in practice. Expected critical 
rates in practice are typically one order of magnitude greater than laboratory 
detenninations for unconfined fires and two orders of magnitude in confined cases. 
These disparities are usually attributed to wastage and/or operational difficulties, e.g. 
the need for firefighters to cool their environment; 
• It has also been found that critical application rates are greater for wooden cribs in 
confined situations than for those in the open, which is taken as evidence that fuel 
cooling is the dominant extinguishment mechanism for Class ' A' fires. The argument 
runs that if fire suppression was aided by the production of by water vapour (inerting 
of the fire atmosphere) in the confined case, then the overall water demand should be 
reduced, not increased; 
• Plastics fires have received relatively little attention in the literature. Preliminary 
work in this area suggests that m:;, values are generally higher than those typical of 
wood crib fires. It has also been found that the total water volume required for 
extinguishment and subsequent mopping-up varies with the type of furnishings 
involved and with the firefighting technique. The water requirement has been found 
to be particularly large where upholstered furniture is involved; 
• The primary function of water in Class 'A' fire suppression is to remove heat from 
the body of the fuel and therefore the water requirement depends on the 'heat 
content' of the fuel rather than the instantaneous heat release rate (HRR) of the fire. 
In fact, the rate of heat absorption from the fuel bed required to achieve 
extinguishment is generally far less than the HRR of the fire itself Higher values of 
critical water application rate (m:;,) have been observed for 'densely-packed' fuel 
beds than for 'loosely-packed' ones; 
• Early UK tests (mid-50s) concluded that sprays were 'better' than jets only at very 
high rates of flow. Assuming a representative required throw of - 6 m in practice, 
sprays at 7 bar with 30° cone angles, delivering 90-140 I.min-I were considered 
adequate. Also, statistical analyses of test data showed no effect of either pressure or 
flow rate on the total volume required to control or extinguish the fire. However, 
greater flowrates were found to promote more rapid fire control, but showed no 
saving in water usage at higher pressures; 
• More recent US work on laboratory mock-ups of single and two-room compartments 
showed that a 60°, 68 I.min-I spray was superior to a 76 I.min-I solid jet in a single 
room (- 33 m3) and required - 57 1 of water to achieve control. In the two-room fire 
scenario, effective control required 1 82 I of water delivered at 1 14 I.min-l It was 
concluded that control and extinguishment of one- and two-room residential building 
fires would be expected to require application densities of - 4 I.min-1 m-2 and - 6 
I.min-1 m-2 respectively, at corresponding application rates of approximately 76 I.min-I 
and 1 14 1.min-1 
• The use of Water Mist Fire Suppression Systems (WMFSS) as replacements for fixed 
fire protection Halon systems has received much attention in recent years. Initial 
feasibility studies were largely concerned with confined Class 'B' and 'C' fire 
scenarios in the offshore and process industries. The mechanisms of extinguishment 
have been identified as flame cooling and atmospheric inerting by the production of 
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water vapour These mechanisms have proved highly effective m the confined spaces 
and high thenna] conductivity structures typical of these environments 
• The suppression efficiency of w:MFSS is highly dependent on the characteristic 
droplet size of the mist, since smaller droplets evaporale more quickly and provide a 
more efficient heat sink, however the 'residence time' (within the flame zone) and 
transpon properties of the droplets are a1so important Experiments with confined 
gas burners have shown that 'instant extinction' is possible if the spray can absorb > 
WIo of the instantaneous HR.R of the fire (as stated previously, this simplistic 
criterion does not apply to Class 'A' fires because of the overriding importance of 
heat absorption from the fuel bed and the tendency for such fires to 'bumback') 
• Theoretically it has been calculated that a single gram of liquid water can extinguish a 
50 I �.e volume by reducin, its temperature bel.ow a critical value (equival�t to an 
'applicatIOn rate' of 0 02 1 m- ) Larfe-scale turbme hood enclosure fire expenrnents. 
involving diesel pool fires in a 70 m enclosure, have shown that extinguishment can 
be achieved with a 'water fraction' of - 0.07 I mol For small fires in large spaces, the 
corresponding figure is - 0 5 I m-l, indicating the crucial role of confinement in these 
particular situations Typical values for confined Class ' A' fires cover the range from 
0 2-19 I m-l (Table Al, Appendix I), although most test data lie between the values 
of - 0 2-2 l.m-J 
• The spectacular efficiencies of Wf\.{FSS occur in tests where a large confined fire is 
allowed to develop, heating the surroundings and depleting the compartment oxygen 
concentration. The sudden introduction of a fine water mist promotes rapid cooling,. 
and through the production of water vapour the combination of atmospheric cooling 
and inerting promotes extremely efficient extinguishment The high thenna! 
conductivity (metallic) compartment walls provide a continual flow of heat which 
maintains their high surface temperature and ensures that subsequent impinging 
droplets continue 10 be vapourised over a relatively long period The latter effect is 
not observed with typical (Iow conductivity) residential building materials and 
therefore the evaporation of droplets in contact with the walls cannot continue 
indefinitely during the suppression of typical confined Class ' A' fires, 
• Fire Experimental Unit (FEU) tests on unconfined Class ' A' crib fires have shown 
water mist nozzles (delivering between 10-25 I min-I at pressures in the range 7·250 
bar) to be inferior to a standard Fire Service hosereel operating at 20 bar and 
delivering - 100 I min-I The former nozzles took between 4 to 9 times longer to 
extinguish the fire. However, the total water required for extinguishment was found 
to be fairly constant (this would seem to support the heat absorption argument 
described above), 
• It is commonly reported that spray-jets can effect extinguishment in compartment 
fires using a smaIJ total volume of water in a 'surprisingly' short time Some 
estimates are given in Table Al, Appendix I (e.g. 1 3-2 5 I m.J), however there is also 
often extreme variance reponed within test series As a nlle-of·thumb, it has been 
suggested that for levels of ventilation normally encountered in rooms, the amount of 
water required is approximately equal to that required to replace the gaseous contents 
of the room with water vapour Assuming a room of 17 mJ, and that 100% of the 
water applied is vapourised, with a consequent 1700·fold volume expansion, this 
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would require 10  litres of liquid water, or 0.6 I . m-3 . However, the inefficiences in its 
application lead to the somewhat higher application rates quoted above; 
• In the context of Fire Service operations, drop size is more relevant to the initial gas­
phase cooling of the fire compartment (FEU 'Phase I '). A smaller drop size 
promotes more efficient gas-phase cooling and therefore the influence of droplet size 
is greatest when the fire cannot be extinguished by fuel cooling (e_g. Iow firepoint 
liquids such as petrol). For Class ' A' fires, where solid-phase cooling is necessary, 
the efficiency of this process is expected to be less influenced by drop size, provided 
the water can reach the fuel surface. Recent work by the FEU, where high- and low­
pressure hosereel systems (operating between 2-45 bar) were evaluated, has 
confirmed this hypothesis and it was concluded there that firefighting tactics are more 
decisive than any variations in characteristic droplet size or velocity; 
• Some guidelines for firefighting tactics may be stated based on the foregoing 
discussion. Initial flame knockdown is achieved faster and with less water using a 
spray nozzle. However final extinction requires the same volume of additional water, 
regardless of the application method Get/spray), provided the water reaches the fuel 
surface. Pulsed spray application in the early (room-cooling) phase reduces the 
possibility of 'steam bums' to the firefighter since the rate of production of clouds of 
water vapour is more predictable and therefore more easily avoided by crouching at 
low level. Wide-angle fog is recommended during this phase, followed by a narrow­
angle fog or solid jet, particularly for fuel cooling of deep-seated Class ' A' materials 
which require adequate cooling to ensure final extinguishment (thus precluding 
'bumback'), although gas-phase cooling and inerting of the fire atmosphere are 
beneficial to the firefighters' comfort and also contribute some suppressive effect. 
Based on small scale wooden crib fires, it has been postulated that the 'fundamental 
condition for total fire extinction' may be expressed as reignition time > time 
required/or sweeping the entirejuei surface with water. 
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•. USE OF ADDITIVES FOR CLASS 'A' FIRE SUPPRESSION 
8.1 General 
Early accounts (ca. 1960) of the use of additives in fire-fighting water were given by 
Fristrom (Reference 9) and Henerich (Reference 10) Fristrom stated that two types of 
additives were being investigated in the 19605, namely VISCOSity modifiers which 
decreased runoff by increasing the viscosity of fire-fighting water and opacifiers such as 
aluminium powder which fonned a reflective barrier on top of the burning swface. 
thereby reducing radiant feedback to the fuel bed Henerich (Reference 10) described 
the use ofvJscosity modifiers, presen'OIIves, corrosIOn mhlbltors and antifreeze agenlS 
Hirst (Reference 3) listed several areas where the properties of fire-fighting water may 
be improved by blending with suitable additives 
• Welting agents improve the ability of water IQ penetrate into fibrous fuels such IS a 
hay stack or a thatched roof So-called 'wet-water' is also used against heather fires 
although the advantage gained is usually not significant (Reference 3), 
• Fire rellUdalllS such as sodium ammoniwn phosphate do improve the effectiveness of 
fire-fighting water; ponable extinguishers of this rype are sometimes referred to as 
'loaded stream' extinguishers Since the improvement is not very great, the use of 
retardants is generally restricted to the suppression of forest fires where the water 
supply is limited, 
• AtlliJreeze agetlls are used to maintain water in its liquid state during cold weather 
The most frequently used agents are calcium chloride (CaCh) and magnesium 
chloride (MgCh) since the more effective alcohol-based agents are often precluded 
because of their own combustibility (Reference 10), in the case of CaCb, a corrosion 
inhibitor may also be required Hirst (Reference 3) noted that the addition of - 140 g 
CaCll to a litre of water reduces the freezing temperature to _10 °C. The use of 
ethylene and propylene glycols was also mentioned in Reference 3, but it was stressed 
that these agents reduce the specific beat of water and are also flammable in high 
concentrations, 
• Thickeners such as bentonite clay, sodium alginates and carboJlt}'nlethyl cellulose have 
all been used to increase the viscosity of fire-fighting water The friction losses in 
hoses is increased but the throw of the jet tends to be increased The thickened water 
may be applied to exposed surfaces since it drains away only slowly and has proved 
effective against forest fires The addition of - 0 2% additive can double the 
effectiveness of water in these cases (Reference 3), 
• Ablallves may also be used to tlUcken the fire-fighting water In this case a thick 
layer of gel is formed on an exposed surface and drainage is arrested. inhibiting 
ignition for a considerable period of time However these gels have been found 
difficult to apply and less economical than thickened water, 
• FricllOII-reducing agents such as polyethylene ox.ide polymer (POE) have been used 
to reduce the energy required for pumping water down small bore hoses and thus 
increase the height and throw of the resulting jet Concentrations of POE as low as 
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0.003% have been found to reduce the pipe friction factor by - 70"10; however these 
additives have proved more useful in the US since the convention in the UK is to 
employ a large-diameter hose to feed smaller nozzles; 
• Foam concentrates comprise a range of standard film-forming agents designed to be 
mixed with water and applied in either aspirated (usually with air) or un-aspirated 
form. 
802 Surface tension ('wettability') modifiers 
The phenomenon of surface tension in a liquid arises because of the mutual attractions 
between the liquid molecules; such cohesive forces are exerted over a small, but finite, 
radius r. Thus, within the liquid body, a molecule is subjected to equal attractions in all 
directions while at the interface between the liquid and another medium (e.g. between 
water and air) the molecules at the surface experience a stronger attraction inwards from 
the surface. As a result, the surface tends to contract to the smallest possible area and 
mechanical work must be expended in order to form a free surface against these forces; 
this work is termed the free surface energy. If the liquid surface is assumed to be in 
tension in all directions, then the force required to maintain the straight edge of a plane 
liquid surface is (j (N.mol). Water in contact with air at room temperature has a value of 
(j - 0.073 N.mo' (73 dyne. cm-I) while most organic liquids have (j values in the range 
0.020-0.030 N.m-' (20-30 dyne. cm-I); the liquid metal mercury has an exceedingly high 
value of (j - 0.48 N.m-I (480 dyne.cm-I) (Reference 194). 
Herterich (Reference 10) observed that the surface tension of water is greater than for 
most other liquids and that this fact represented a technical disadvantage in terms of 
extinguishing effectiveness. Surface tension may be considered to be a measurement of 
the wetting capacity, or penetrative force, of a liquid, i.e. the lower the surface tension, 
the more quickly, or more deeply the liquid will penetrate into the fuel surface. The 
addition of so-called 'dousing agents' was advocated in Reference 10, in order to 
increase the penetration of fire-fighting water; this blend of water and dousing agent was 
referred to as 'dousing water'. Herterich advocated the use of dousing water for fires in 
brown coal dust or fibrous materials (hay, straw, cotton, jute etc.) to increase the rate of 
water penetration and therefore to achieve a greater effect at greater depths; the same 
qualities are required for tackling deep-seated Class 'A' fires. Aside from possessing 
good 'dousing' properties, it was recommended that such agents should possess low 
viscosity (in order to facilitate rapid mixing in the water-stream), be physiologically 
inert, be capable of being mixed with other solvent products (e.g. anti-freeze agents) and 
be non-corrosive (Reference 10). In addition, Herterich also recognised that the 
reduction of surface tension has implications for the production of spray-jets for fire­
fighting, since the energy required to atomise a liquid is proportional to the magnitude of 
its surface tension (Section 5 . 1 . 1). 
As an illustration of the effectiveness of typical dousing agents, Herterich quoted a 
reduction of 60"10 in the surface tension of water through the addition of 0.25% agent. 
Despite an ongoing debate regarding the most suitable test method for assessing the 
quality of such agents, initial studies (ca. 1 960) had confirmed the ability of 'dousing 
water' to penetrate into a wide range of substrates at rates much higher than those 
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typically associated with plain water, in the particular case of raw cotton, a threefold 
increase in the depth of penetration was observed in the same period of application 
Rosander and Giselsson (Reference 195) also stressed the importance of water 
penetration during the extinguishment of porous fuel beds It was observed that a 50% 
reduction in the surface tension of plain water was possible through the addition of one 
gram ofwening agent per litre of water (I.e. - 0 1% solution by mass), it was also noted 
that any addition of wetting agent above this concentration was superfluous as 
subsequent reductions in er were negligible Rosander and Giselsson noted that by the 
judicious choice of wening agent, the surface tension of plain water could be modified to 
be less than that of typical petro-chemical products The significance of the latter is that 
a 'skin of water' can spread out on the surface of some hydrocarbon pool fires such as 
petrol, reducing or even totally arresting the flow of vapour and bringing about 
extinction of the flames by removing the fuel supply Rosander and Giselsson referred 
to such additives as film-jonnmg foams, known under the collective international 
designation AFFF (' A triple F') which is an abbreviation of aqueous film formmgfoam 
Geyler (Reference 196) discussed the results of a US research programme designed to 
establish the efficacy of AFFF agents against aircraft ground fires, where an increasing 
fire hazard was perceived due to the introduction of new types (and increased quantities) 
of aviation fuels The research project included the assessment of fire suppression, fire 
contairunent and foam characteristics of two commercial AFFF agents and one protein 
foam and comprised both laboratory experiments and full-scale fire suppression tests in 
the field The laboratory experiments included a range of standard tests intended to 
assess the stability (thenna! and chemical), compatibility etc of the AFFF and foam 
agents when mixed with each other, with certain dry-chemical powders and with typical 
Class B fuels, for the sake of brevity these results are not considered here 
The full-scale facility described in Reference 196 pennined fire suppression tests to be 
conducted on Class B pool fires ranging in diameter from 14-38 metres, the aviation 
fuels used were 'JP-4' {flashpoint - _1 °C·}, 'JP-5' (flashpoint - 35 °C· ) and 'Avgas' 
(f1ashpoint - -46 QC· ) and instrumentation comprised radiometers and cameras located 
near the edge of the fuel reservoir Following ignition of the fuel, a steady rise in 
radiation intensity was observed by the instruments until a maximum value was attained 
(typically - 30-50 kW m·1), a pre-bum period of between 30-45 seconds was then 
allowed before the app lication of the extinguishing agent The time from the initiation of 
fire suppression to the point where the radiometers recorded a heat flux level of 
approximately 2 3  kW.m-1 was designated the 'fire control' time; the 'extinguishing 
time' was defined as the total elapsed time from the start of fire suppression until all 
flaming had ceased on the pool surface Two different air-aspirating foam nowes were 
used in the experiments one single nouJe urnt was capable of delivering - 950 I min'! 
while a second 'composite' air-aspirating unit comprised two 1500 I min-! foam nowes 
plus two 1500 I min-! water discharge nozzles The single nozzle unit was capable of 
delivering the foam in various patterns ranging from a straight stream (- 50 m throw and 
5 m width) to a 'fuJly dispersed' pattern (- 18 m throw and 14 m width) The 
4Mcasum:1 by closed cup method at sea In'el 
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performance of the composite nozzle ranged from a straight stream of - 38 m throw and 
7 m width to a dispersed pattern of26 m throw and 12  m width. The AFFF agents were 
designated 'A' and 'B' to preserve the anonymity of the manufacturer and were both 
used as a 6% solution by volume throughout the test programme. 
The results of the full-scale tests were plotted in terms of the fire control and 
extinguishing times against the solution application rate, which was varied in the range 
2-6 I min>' m>2, the application rate for a particular test was obtained by dividing the 
AFFF solution discharge rate by the plan area of the pool fire (- 1 50-370 m2). In 
general, for the JP-4 and JP-5 fuels the trend was that the fire control and extinguishing 
times were reduced as the solution application rate was increased, although the JP-5 
fires were found to be suppressed more rapidly using the type 'B' AFFF agent. The 
'Avgas' fires were the most difficult to control using AFFF and it was noted that the fire 
control and extinguishment times were virtually independent of the solution application 
rate, indicating that the high evaporation rate of the fuel was the controlling factor in the 
suppression processs It was also stressed that this anomalous behaviour was not unique 
to 'Avgas' compositions and it was therefore concluded that AFFF solution application 
rates should be determined experimentally for each fuel type expected to be met in 
practice. 
A funher series of tests was also conducted where the effectiveness of sprayed solutions 
of the two AFFF agents were assessed. Adjustable spray pattern water nozzles with 
discharge rates of - 950, 1 500 and 3000 I .min>' were used to tackle JP-4 pool fires of-
740 m2 area; the intention was to establish whether such a fire could be effectively 
controlled at application rates of - 1 .3,  2 and 4 I .min>l m>>' It was anticipated that the 
low surface tension of the AFFF solution combined with the strong shearing action 
developed at the liquid-air interface of the issuing stream would generate an effective 
firefighting foam. This proved to be the case with one exception and it was stressed that 
the suppression effectiveness was all the more remarkable since the 'foam expansion 
ratio' was less than 2: 1 in all the tests; in addition the 'solution drainage time' was too 
rapid to be measured by standard foam tests. The performance of the sprayed AFFF 
solution was illustrated by an example: in the first test series, a 370 m2 JP-4 pool fire 
was controlled in 34 s by AFFF foam applied at a rate of 4 I.min>l m2, whereas in the 
latter tests control of a 740 m2 JP-4 pool fire was achieved in 35 s with a 6% sprayed 
solution of AFFF discharged at the same rate. When the application rate was reduced to 
- 2 I .min>l m2, the fire control times for the foam and the water solution were increased 
to 38 s and 5 1  s respectively. 
The observed flame knockdown during the AFFF solution spray tests was 'visually more 
rapid than would have been anticipated on the basis of foam quality alone'. It was 
speculated that the reason for the effectiveness of the AFFF spray was due to the fine 
droplets produced during atomisation which promoted the pyrolysis of some of the 
fluorocarbon surfactants and liberated sufficient quantities of free radicals to effectively 
inhibit flame propagation by chemical means. In an effon to test this assumption, a 
control experiment was conducted using a pure water spray against a 370 m2 JP-4 fire at 
an application rate of 2.64 I .min>'.m2; in this case the water spray was unable to make 
S This is consistent with the very low f\ashpoint quoted previously 
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any significant progress in controlling or extinguishing the fire The observed efficiency 
of the AFFF spray and the suggestion of chemical flame inhibition is of great interest to 
the present study; although Geyler's work concerned Class 8 fires, the same flame 
inhibition mechanisms would be expected to obtain in Class A situations It is therefore 
to be regretted that GeyJer's study did not include any quantitative measurements of the 
drop size distribution relevant to the AFFF spray trials 
Hems (Reference 197) also discussed the merits of AFFF, as an additive for water spray 
fire protection systems used in the chemical and petrochemical industries (I.e. Class '8' 
fires) and identified five benefits. 
• POSitive knock down AFFF will extinguish the fire whereas plain water will only 
achieve 'controUed burning', 
• QuIcker /mock down Even in cases where plain water would eventually achieve fire 
extinguishment. AFFF attains this goal faster; 
• uss water. Due to the rapid knock down capacity of AFFF. the bulk of the water is 
required only for cooling, 
• Running fires The unique film-fonning property of AFFF is able to seal the surface 
of a liquid fire and prevent a running fire, 
• Prevents re-fgmllon Even if the aqueous film is mechanically broken by falling 
debris or the like, it will automatically re--form and prevent flammable vapour 
fonning. 
It should be noted that AFFF is one of several foam additives originally developed for 
use against Class 'B' fires; other types such as 'AFFF-AR', 'FP' and 'FFFP' are 
discussed later in this Section Also, despite the claims made for the performance of 
various additives, the resulls of independent tests have sometimes shown such 
advantages to be marginal or not proven; the Fire Experimental Unit in the UK have 
reponed such findings in the past (see later in this Section) 
In the panicular case of the agents AFFF. FP and FFFP, Briggs and Abdo (Reference 
198) reponed a series of experiments designed to test whether the spreading of an 
aqueous film across the surface of typical hydrocarbon fuels provided a significant 
contribution to fire extinguishment A 'spreading coefficient' was defined for each of 
the foam agents, which was related to the surface tension of the panicular fuel (toluene, 
heptane or petrol); the associated surface and interfacial tension values were measured in 
the laboratory at ambient temperatures (- 20 0c) It was noted that at the minimum 
surface temperatures of - 50 °C (burning petrol), the spreading coefficients would be 
close to zero, however. it was also remarked that the time-scales associated with 
practical firefighting would not normally be sufficient to allow the fuel-foam system to 
anain equihorium Extinguishment tests were carried out on fires of 0 25 m1 area and 
these data indicated a marked variation in the extinguishing ability of the foams as a 
function of their spreading ability, in the case of toluene the extinguishing capacity was 
poor despite a relatively high spreading coefficient whil e  the reverse was true for the 
heptane tests Although the utility of film fonnation in firefightins was not questioned, it 
was suggested that a continued emphasis on this aspect offoams might give a misleading 
impression of their firefighting capability 
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Takahashi's small-scale study of the suppression of plastics fires by plain water and 'wet 
water' (Reference 163) was described in Section 7.2. 1 , where the results of tests using 
plain water sprays were discussed The experimental arrangement and a fuU list of the 
materials tested are described in Section 7.2. 1 . In brief, Takahashi measured the 
'extinction properties' for 9 common plastic solids in the form of a crib and 4 others in 
the form of a solid slab. For the tests using 'wet water', the common foam agents 6% 
type 'Light Water' (3M trade name) and 6% type 'Synthetic Foam Agent (for 
methanol)' were diluted from 16- to 1 0  OOO-fold; e.g. in one case Takahashi stated that: 
'wel water was made by diluting 6% type 'Lighl Water' in 0.2% of the original liquid 
foam agent'. Takahashi noted that these foam agents were a mixture of surfactants, . 
however their exact chemical composition was unknown. The surface tension of the wet 
water solution and the 'adhered water density' were measured as a function of foam 
agent concentration prior to the suppression tests. The latter was measured by dipping 
small samples of plastic rod into the solution for 30 seconds, removing them and 
weighing the samples to deduce the mass of water adhered; it proved impractical to 
perform a similar measurement on burning samples of plastics. It was found that the 
adhesiveness of wet water on the plastics was approximately twice that of plain water, 
although still some 2-3 times lower than that for wood surfaces. 
The extinguishment time was defined as the period between the start of water 
application and the point where no visible flame remained and the ' suppression time' 
was defined qualitatively as the interval between the start of water application to the 
point where flaming was limited to a smaU region a few centimetres in diameter on the 
underside of the fuel. The experimental results were discussed in terms of the 
'effectiveness versus adhesiveness' and 'effectiveness versus concentration of wet 
water'. It was found that, in general, the increased adhesiveness of wet water was 
correlated with ease of extinction; in the particular case of polyp ropy le ne (crib fire), wet 
water produced extinguishment in under 2'h minutes whereas plain water was 
ineffective. A fairly linear relationship was apparent when adhesiveness (expressed in 
kg.m'2) was plotted against 'extinction difficulty'; for the latter, the ranking of materials 
(in order of increasing difficulty) was PC, PU, PF, PMMA, ABS, PE, POM, PP 
(somewhat different from that obtained with plain water, see Section 7.2. 1 ). Takahashi 
stated that although adhesiveness appeared to be a controlling factor in determining the 
ease of extinction, the reason was unknown. 
Takahashi also plotted both extinction time (for the PP, PE and ABS fires) and surface 
tension against foam agent concentration (logarithmic scale) for both foam agents and 
showed that the extinguishing time curve was similar in form to the surface tension 
variation. The surface tension versus concentration curve exhibited two distinct linear 
regimes: at low concentrations (- 10,3 % - 1 0" %), er was found to decrease with 
increasing agent concentration and above some critical point the value of er remained 
constant at all higher concentrations. Takahashi described the transition point as the 
'critical miceUe concentration' (CMC), beyond which the constant values of er for the 
Light Water and Synthetic Foam agents were - 0.016 N.m" ( 16  dyne.cm" ) and - 0.023 
N.m" (23 dyne.cm" ) respectively. For both agents the extinction time I, was found to 
reduce as the agent concentration was increased, reaching a 'saturation extinction time' 
beyond which further increases in concentration yielded a fairly constant value of I,. 
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The value of the solution concentration corresponding to the saturation extinction time 
was found to depend on the type of plastic but was - 10 times greater than the CMC 
measured 'at nonnal temperatures' for both agents Although it was noted that the 
CMC transition moves to a higher concentration at elevated temperatures, a definitive 
correlation between CMC and 'saturation extinction time' was not obtained by 
Takahashi The 100lImes-CMC 'rule' was proposed as a tentative rule of thumb to 
determine the saturation of effectiveness for wetting agents although it was cautioned 
that the complex nature of fire extinguishment may also require the effect of variables 
such as the fuel type and array geometry to be taken into account Notwithstanding 
these reservations, the performance of wet water was remarkable, even at low 
concentrations. at 0 01% concentration, I. was reduced by 30-500.t. compared with plain 
water while at 1% concentration, I. was reduced by a factor of between 1()"20 It was 
concluded that although plain water could be used to extinguish most plastic fires, wet 
water was much more effective, even against 'difficult type plastics' Fog spray was 
found to be more effective than a solid stream, except for foam plastics where the ability 
of the jet to force a high density of Wale.- into the interior of the fuel array was crucial 
In the UK.. the Fire Experimental Unit (FEU) of the Home Office Fire Research and 
Development Group conducted a range of experiments at both small and large scales in 
order to assess the potential benefits of additives for hosereel systems used against Class 
'A', Class 'S' and other 'non-standard' fuels (References 199, 2oo) All the Class 'A' 
tests employed wooden cribs designed to BS 5423, sizes 13A and 27A were used for the 
small scale tests and sizes 27A (Ar - 24 3 m2) and HA (Ar - 792 ml) for the larger 
tests The objectives of the initial small scale study were to develop a small scale test 
method for future use, to refine the choice of additives for large scale testing and to 
provide data for correlation with the large scale experiments The following additives., 
mixed with potable water at the concentrations indicated, were used during the series of 
small scale tests Fluoroprotein (FP), ]%; Alcohol resistant FP (FP-AR), ]%; Film­
fonning Fluoroprotein foam (FFFP), ]%, Alcohol resistant FFFP (FFFP-AR), 3%, 
Aqueous film-fonning foam (AFFF), 3%; Alcohol resistant AFFF (AFFF-AR). 3%, 
Synthetic (S), 3%, 'Werwater' (Type 2 with foam trace), 1%, 'Halofoam" 15%, 
'Fireout', 0 2% Finally, potable water with no additives was also used, to provide a 
'benchmark' against which the perfonnance of the various agents could be judged 
'HaIofoam' (trade name for an agent no longer in production) is a novel 'self-aspirating' 
firefighting foam, containing AFFF and two species of Halon with different boiling 
points, this chemical composition gives 'HaIofoam' certain unique properties The agent 
is applied un-aspirated using a conventional jet/spray branch The initial vapourisation 
of the first Halon agent reduces the density of the stream whil e the second Halon is 
vapourised on contact with hot surfaces, producing an aspirated foam with an expansion 
ratio similar to that of conventional (LX) foams Thus the initial application achieves a 
penetration similar to a conventional water spray but its effect is enhanced by the 
subsequent ex:pansion 
A total ofJ4 small scale fire tests were perfonned, with size 27 A cribs being used for 2] 
of the tests and size 13A being used in the other I I  experiments The additive solution 
was pumped to the fire at 9 I min'l through a 36 6 m length of 19 mm hose, fined with 
either an aspirating or a non-aspirating nome, the fonner was taken from a conunercial 
foam extinguisher while the Ianer was a garden hose nome which gave a similar coarse 
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broken jet pattern. The temperature of the solution was monitored during the tests, as 
was the radiative heat flux from the crib fire. The ignition phase of each test consisted 
of a 2 minute pre-burn of heptane contained in trays beneath the crib, followed by a 
further 6 minute pre-burn period once the trays were removed; at this point each fire 
was hand-fought by a fire-fighter highly practised in the standard method of 
extinguishing crib fires. The assessment of extinguishing efficiency differed from that 
specified in BS 5423, i.e. it was judged on the basis of flame knockdown and control, 
rather than upon total extinguishment and a subsequent 3 minute dormant period. 
On the basis of these tests, it was found that the larger size 27 A cribs enabled a better 
comparison of the additive solutions than the smaller size l 3A cribs. From the results of 
the 23 experiments using size 27 A tests, the following conclusions were reached: 
• Non-aspirated 'Halofoam' produced the shortest 'time to control', with a 46% 
Improvement over pure water; 
• 'Synthetic' proved to be the best of the non-aspirated conventional 'fire-fighting 
foam' additives, with a 42% improvement in control time over pure water; 
• 'Synthetic' also proved to be the best of the aspirated conventional 'fire fighting 
foam' additives, with a 22% improvement in control time over pure water; 
• Aspirated versions of additives (with the exception of AFFF-AR) showed an average 
25% improvement in control time compared with non-aspirated versions; 
• Non-aspirated AFFF produced a poor control time, which was only - 5% better than 
that of pure water. 
In general, the results of the small scale fire tests showed large variations in the relative 
effectiveness of the additive solutions tested. In addition, since none of the additive 
solutions proved significantly less effective than pure water, all the agents tested at small 
scale were retained for the large scale tests. 
The objectives of the large scale tests were twofold: to obtain Class 'A' fire suppression 
data from realistically-sized fires tackled using additive solutions applied by Fire Service 
equipment and to identify the most suitable additives for tbe control and extinction of 
Class 'A' fires. The range of additives and solution concentrations were identical to 
those used during the earlier small scale tests. The large scale fire configuration 
consisted of two size 27 A cribs plus one size 34A crib arranged within the FEU 'Fire 
Test Room' as described in Section 7.3 of this report; therefore each test in the series 
was representative of a Class ' A' compartment fire with a fire load of 500 kg of wood. 
Instrumentation for the tests included video cameras, a thermal irnaging camera, 
thermocouples and smoke density metering equipment etc. The test fires were tackled 
primarily using a remote firefighting rig (described in Section 7.3) which enabled the fire 
to be tackled initially from the doorway (at 8 minutes into tbe test) and tben from tbe 
centre of the room (at 10 minutes into the test) in a standard manner. In some cases 
however, the fire was tackled by an experienced fire-fighter who was allowed to fight 
the fire from the doorway only, in a pre-determined sequence (Reference 1 99). Both 
methods of firefighting employed both aspirating and non-aspirating brancbpipes, 
operating at a flowrate of 1 00 l.min'l and with a 'spray' included cone angle of 26°; 
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these parameters reflected typical hosereel system perfOnTWlCe and were the same u 
those adopted in earlier FEU tnals (Section 1 3) 
The test data were presented in terms of the temperature hIstories at the compartment 
doorway and within the wooden cribs adjacent to the doorway and against the opposite 
wall of the compartment The thennocouple positioned at approximately chest height 
near the doorway was intended to measure the temperatures likely to be experienced by 
a fire-fighter at this location In general the air temperatures witrun the room after the 8 
nunute pre-bum period were m the range 54()..624 °C and dunng the first 5 seconds of 
fire suppression activity, the doorway temperature rose to a peak of - 61  °C above dus 
initial average temperature Thereafter there was an immediate and rapid decline in IIr 
temperature to between 175-3 15 °C and after 8 minutes of fire-fighting the doorway an 
temperature had fallen to - 62-177 °C The area under the time-temperature curves was 
used to quantify the percentage averaged temperature reduction of the air at the 
doorway over the first )0 seconds of fire-fighting, these data were then used to rank the 
cooling efficiency of each of the agents and hence detennine which allowed the earliest 
entry of a fire-fighter into the compartment The temperature histories of the cribs,. as 
measured by groups of 4 or 5 thennocouples within tbe cribs, showed a non-unifonn 
decay during the majority of tests, for example in both of the 'side cribs', the 
thermocouples nearest to the doorway exhibited the most rapid decay in temperature, 
typically dropping from - 800-100 "C during the first 10 seconds of fire-fighting The 
central thermocouples showed a slower rate of cooling, generally falling to below - 200 
°C within the first ) minutes of fire-fighting, the reannost thermocouples recorded the 
lowest rates of cooling and sometimes no cooling effect at aU The rearmost crib also 
displayed a non-unifonn cooling history during the tests, however, it was found that 
graphs of the average crib temperature history could be used to represent the 
suppression of the crib fires In addition, the area under the time-temperature curve was 
used to infer the mean temperature reduction of tbe lest fire and to estimate the 
percentage averaged temperature reduction of the fire during the first )0 seconds and 6 
minutes of fire-fighting activity 
The relative effectiveness of the various additives was discussed in tenns of the FEU 
'three-phase model' of compartment fire extinguishment, discussed in Section 7 3  and 
illustrated in Figure 32 The three distinct phases in this model are cooling of the room 
prior to entry of the fire-fighter, controlling the fire and finally extinguishing any residual 
'hot spots' During the initial phase, with the branch operated in 'spray' mode, none of 
the additives showed a significant improvement over plain water in reducing the air 
temperature within the fire test room In the second phase however, all of the additives 
were found to make a positive contribution in reducing the severity of the test fire, 
compared with plain water Here, AFFF and Halofoam were the most effective, 
foUowed by FfFP, AFFF-AR and Synthetic, the AR versions of AFFF and FFFP were 
both inferior to their standard versions In economic terms, it was concluded that the 
high cost of Halofoam would confine its use to 'special cases', it was also noted that 
Synthetic additive was around one-third of the price of the more soprusticated AFFF and 
FFFP products During a brief comparison between aspirated and non-aspirated 
application of AFFF, there was found to be no significant difference in perfonnance, also 
water was found to give a similar perfonnance when used under the same conditions 1t 
was concluded that although the best of the additives tested, AFFF, would reduce the 
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duration of the 'control phase' of fire-fighting, the overall saving in water and any 
reduction in fire damage would be small . Consequently, the decision on whether AFFF 
should be used for domestic fires would be necessarily based on operational 
considerations as to the merits of reducing the time to get a room fire under control 
(Reference 200). 
The small-scale mechanics of water-surfactant solutions were investigated by Tinker et 
01. (Reference 201 )  and by Kudritskii et 01. (Reference 202). Tinker et 01. reported an 
experimental and theoretical study of the effect of surfactants on the 'dropwise 
evaporative cooling' of water sprays impinging on burning solids; this work was 
undertaken to extend the applicability of di MaTZO'S theoretical model, discussed in 
Section 5 .3 .3 .  The study considered the surfactant sodium dodecyl sulphate in the 
concentrations 0 ppm (pure water), 100 ppm and 1000 ppm. The measured rates of 
evaporation of a - 2 mm diameter droplet placed on a heated (80 °C) stainless steel plate 
were compared with those calculated by di Marzo's single droplet evaporation model; it 
should be stressed however that this surface temperature is much less than that typical of 
burning Class 'A' fuel surfaces (- 400 °C) As the surfactant concentration was 
increased, the initial spreading of the droplet on the hot surface increased, due to the 
decreasing 'contact angle'; this effect was mentioned briefly in Section 5.3.3 of the 
present report. The increased 'wettability' of the water droplet was found to have a 
beneficial effect on the cooling effect since evaporation commenced at a faster rate. It 
was concluded that the presence of the surfactant enhances the heat transfer rate from a 
solid surface to the impinging water droplets and that this effect should be explored 
further in applications where 'intense cooling' is desirable with a limited water supply. 
The effect of dissolved gases on the rate of evaporative cooling was found to be much 
less significant under typical fire suppression conditions (i.e. large reductions in surface 
temperature together with initial surface temperatures close to the onset of nucleate 
boiling (Section 5.3 .3» . 
Kudritskii et 01. (Reference 202) performed an experimental study of the adsorption of 
soluble surfactants and their influence on the evaporation of water drops over the 
temperature range 278-298 K (5-25 0C) Rates of evaporation and surface tension data 
were reported for confined water droplets of initial diameter - 720 Ilffi, mixed at various 
concentrations (0.003-0. 1 5%) with either potassium stearate or potassium palmitate. In 
all cases a 'saturated monolayer' was formed on the surface ofthe drop, which tended to 
inhibit subsequent evaporation. The formation of the monolayer was most rapid at 
higher initial concentrations of surfactant and for higher ambient temperatures. It was 
found that for concentrations above the 'critical micelle concentration' (CMC), a 
saturated monolayer formed very quickly, even before the beginning of droplet 
evaporation (i.e. < 60 s). For concentrations less than the CMC value, the droplet 
evaporation was initially identical to that observed for pure water; in these cases 
however, a saturated monolayer did eventually form, after a period of between 1 5  
minutes to several hours (depending on the initial conditions). 
The same behaviour was also found for the following surfactants: sodium stearate, 
lithium palmitate, and ammonium stearate, palmitate and laurate. It was therefore 
concluded that the evaporation retarding properties are common to all the alkali metal 
salts of the higher fatty acids; it was also verified that these properties were absent for 
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nonalkali metal salts Kudritskii et 01 '5 data (Reference 202), although collected at 
temperatures far lower than typical fire atmospheres, may have some relevance to 
Geyler's (Reference 196) explanation for the efficacy of sprayed AFFF Geyler 
suggested that the fine spray produced during atomisation of AFFF would tend 10 
promote the pyrolysis of f1uorOC&!'bon surfactants, thus liberating sufficient quantities of 
free radicals 10 effectively inhibit flame propagation by chemical means The possible 
existence of a saturated monolayer on the surface of droplets In this case would suppon. 
Geyler's hypothesis and further study of the extinguishing mechanism relevant 10 AFFF 
sprays would be of interest 
8.3 Viscosity modifiers 
The VJSCOSlly of a fluid (liquid or gas) is a measure of its resistance to flow, for example 
during the flow of water through fire-fighting hoses and nozzles etc The magnitude of 
the viscous forces which resist the flow of one layer of fluid over another is found in 
practice to vary not only with the external conditions (I.e. the 'rate of shearing' of one 
fluid layer over another, equivalent to the 'velocity gradient' within the fluid) but also 
with the nature of the fluid itself For example, some 'thick' (I.e. highly viscous) liquids 
such as tar and glycerine cannot be poured easily, whereas 'thin' liquids such as ...... ter 
and petrol are found to flow much more readily because of their lower viscosity The 
majority of common fluids (including water) are so-called 'Newtonian fluids', where the 
'coefficient of viscosity' or 'absolute viscosity' for laminar flow is a constant which is 
independent of the rate of shear but which may vary considerably with the temperature 
of the fluid For these fluids then, the absolute viscosity is a constant for a given fluid at 
a panicular temperature and is conventionally represented by " (Greek 'eta') and 
measured in Pa s Another fonn of viscosity, the 'kinematic viscosity' ( v= "Jp), is used 
routinely in hydraulic engineering applications, the kinematic viscosity is the ratio of 
viscous forces to inertial forces and has units of m2 51 For pure water It 20 DC and 
atmospheric pressure, ,, - 10-3 Pa s and v - 10-4 m1 $'1 (Reference 194) 
Early research on fire-fighting foams, conducted between 1947-57 at Syracuse 
University in the US, indicated that some of their most effective properties (such as 
blanketing ability and high viscosity) might be obtainable in water through the use of 
certain additives Grove et al (Reference 203) discussed the findings of a subsequent 4 
year research programme (1957-61) designed to improve the fire-fighting characteristics 
of plain water by modifying its three perceived limitations the low viscosity of water 
promotes rapid runoff from burning surfaces, the continued blanketing ability of water is 
limited and water has a relatively poor reflective capacity The experimental procedure 
adopted by Grove et 01 is familiar, VIZ. the additives were screened initially by 
laboratory testing and the more promising candidates were subsequently tested on small­
and large-scale fires in a controlled environment 
Both the small- and large-scale tests were conducted within a galvanised sheet metal 
compartment (- 3 9 x 3 7 x 3 7 m), fitted with an observation window and an exhaust 
system The fuel used was California clear pine, pre-soaked in kerosene for - 30 
seconds In the small-scale tests, 8 pieces of - 25 x 75 It 250 mm wood were arranged 
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in 2 tiers with a single 'Spraying Systems' nozzle located 1 .8 m above the centre of the 
fuel bed; the flow rate for all these tests was - 3 . 8 I.min" ' .  Following ignition, a pre-burn 
period of 4 minutes was allowed before the start of fire extinguishment; thermocouple 
and radiometer data had previously indicated that the maximum fire intensity of most 
test fires occurred at 4 minutes after ignition. The larger-scale tests employed a 3-tier 
arrangement of 50 x 100 mm wood, where only the first tier was pre-soaked in 
kerosene. In this 'truncated pyramid' structure, the first (bottom) tier comprised 1 3  
pieces each - 9 1 5  mm long spaced 25 mm apart, the second comprised 1 2  pieces each -
890 mm long and the top tier again comprised 1 2  pieces - 864 mm long. A total of 4 
Spraying Systems nozzles were located - 0.4 m from the crib centreline and at a height 
of - 3.7  m above the fuel; the flow rate for all these tests was - 1 3 . 7 I.min"', at 1 .3 bar. 
Although the large-scale fires were known to attain maximum intensity at - 3 minutes 
after ignition, the pre-bum time before active fire suppression was deliberately varied in 
order to provide a rigorous test framework for the various additives; in addition a 
comprehensive control series of experiments was performed using plain water. 
The viscosity additives investigated by Grove et al. included 'Monsato OX-840-9 1 ', 
bentonite clay 'Volclay', 'Oow ET-460-4', 'Oow ET-570' and carboxymethyl cellulose; 
the overall findings of the laboratory tests were that 'viscous water' produced a faster 
initial 'knockdown' of the fire, that the extinguishment time was drastically reduced and 
that there was much less likelihood of re-ignition occurring. Reductions in the overall 
consumption of water and water runoff were also reported. For the laboratory-scale 
fires, the optimum viscosity was reported to be between 10-15 centipoise (0.01-0. 0 1 5  
Pa. s), increasing to 50-300 cP (0.05-0.3 Pa.s) as the scale of the fire increases. The 
larger-scale experimental data exhibited a degree of scatter due to 'uncontrollable 
variables' such as the chemical and physical properties of the wood and problems 
associated with contriving a perfectly reproducible test fire. As an illustration of the 
rapid knockdown effect, Grove et al. cited a series of tests performed jointly by two fire 
departments in the US on a disused building which was ignited and allowed to become 
'fully involved'; the details of the fuel load were not given. The fire was effectively 
knocked down in 15-20 seconds with viscous water applied at a rate of - 1 1 0-150 I.min" 
'; the demonstration was repeated successfully several times, while a plain water attack 
at - 130 I.min"' could not make any progress at all against the fire. 
Tables 12 and 1 3  (page 1 58) are reproduced from Grove et al. and illustrate the 
improved fire-fighting performance obtained with viscous water during large-scale trials. 
The data in Table 12 refer to field fire tests on cribs constructed from 50 x l OO mm 
timber and show a - 40% reduction in knockdown and a - 52% reduction in 'flame-out' 
time for viscous water (52 cP) over plain water. Even though only a 28% reduction in 
total extinguishment time was observed for 52 cP water over plain water, there was no 
rekindling or reignition. It was stressed that during final mop-up, the nozzle operator 
had to insert the nozzle into almost all the openings in the crib to ensure extinguishment; 
it was believed that this necessity of technique tended to obscure some of the 
effectiveness of the viscous water. 
1 5 7  
Table 12 
Field fire tests, Norfolk Virginia (Reference 203) 
Solution Viscosity 'Knockdown' Flame Total 
(centipoise) time (min) extinguishment extinguishment 
time (min) time (min) 
water I I 75 2 20 J 88 
water I 0 75 3 OS 3 85 
ET·570 19 5 0 70 I SS 2 SS 
ET-570 52 0.75 I 25 2 95 
The data in Table 13 (below) were obtained from fire suppression tests performed in five 
purpose·built rooms measuring 2 4 x 2 4 x 2 4 m. constructed of timber. two were 
fabricated from old well·dried timber and three from newer timber which was not Jciln· 
dried Table 13 contains representative data from the tests conducted in the well·dried 
timber rooms; these data indicate an almost 50010 reduction in knockdown time and 
flame extinguishment for 15 5 cP viscous water over plain water 
Table 13 
Field fire tests, Onondaga County, New York (Reference 203) 
Pre·bum time (min) 
Nozzle flow (\ min>l) 
Knockdown time (min) 
Outside of building 
Inside of building 












0 9  
I 4 
3 0  
Grove et al. (Reference 203) cited other anecdotal evidence supporting the use of 
viscous water, particularly against forest fires A report by the US Department of 
Agriculture, Division of Forest Fire Research was quoted as saying· "Viscous water 
reduced suppussion lime under many conditions alld war outstanding In keepmg fires 
from re/cmdling. The residual film of algl1Hhlc/cened water seemed to be particularly 
effectIve In extinguishing usualJy dijJiCIIlt-to-extmgulSh fires m fuels such as 
sawdust . " The use of carboxymethyl cellulose (CMC)--thickened water was advocated 
as a fire retardant to prevent the spread of forest fires "CMC retards the rekmdlmg of a 
fire and illS possIble to pre-lay a wet lalle WIth much less chance of losmg the fire than 
if plam water IS used" Other experiments had shown that fires extinguished with 
viscous water were far less prone to reignition compared with fires extinguished with 
plain water, where reignition was observed with viscous water. its occurrence was 
delayed and much less severe It was also evident that fires extinguished with plain 
water retained much more residual heat, a requirement for reignition, than those 
extinguished by viscous water Both water consumption and water runoff were reported 
to be reduced in the case of viscous water In the former, a reduction of between 30· 
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50% was stated to be common in the wide range of field fire tests conducted. A series 
of comparative, controlled tests were performed to measure the quantity of 'runoff' 
during fire extinguishment; for plain water applied at 1 3 .6 l.min"', an average of - 1 .4  
l .min"' runoff was recorded, for 'CMC' at 5 .5  cP, the runoff was only - 0.7 l.min"' and 
for ET-460-4 (5.5 cP viscous water) the runoff rate was less than 0.45 l.min"' . Grove et 
al. stated that: "A corollary to the more effective use oj viscous water is the reduced 
water damage to structures, contents, and adjoining jacilitie5" . Finally, given that 
satisfactory viscosity usually can be achieved with less than 0.2% of a chemical additive, 
Grove et al. estimated that the resulting costs " . . .  would not be considered prohibitive 
under many conditions oj fire-fighting and control." 
Two practical issues were raised by Grove et al. (Reference 203): firstly regarding the 
shear stability of the thickened water solution and secondly concerning the character of 
the spray pattern produced by nozzles used in conjunction with viscous water. 
Measurements of viscosity on various thickened solutions over a period of mixing or 
recycling had shown that many agents were 'shear sensitive', resulting in a decrease in 
viscosity as a function of time; however the additive 'Dow ET-570' had proved to be 
less shear -sensitive during laboratory fire tests. It was stressed that in practice, special 
nozzles would be required in order to fully exploit the potential benefits of viscous water 
as changes in viscosity were known to affect the spray distribution pattern of a given 
nozzle; it was suggested for example, that the 'full cone' spray produced by a given 
nozzle used with plain water would very likely change to a 'hollow cone' pattern in the 
case of viscous water. A wide-ranging discussion of the effects of six commercially­
formulated thickening agents on the droplet size distribution produced by a typical aerial 
crop spraying nozzle has been given by Bouse et al. (Reference 204); the rationale for 
increasing the liquid viscosity in this case was to reduce the amount of herbicide lost 
through 'spray drift' by increasing the volume mean diameter of the spray. 
The overall conclusions of Grove et al. (Reference 203) concerning the use of viscous 
water for fire-fighting were that: 
• Viscous water produces much more rapid initial control of Class ' A' fires; 
• The rate of extinguishment of Class ' A' fires is more rapid with viscous water; 
• The danger of reignition is markedly reduced when Class 'A' fires are extinguished 
with viscous water; 
• A smaller amount of viscous water is required for extinguishment of Class ' A' fires; 
• Reduced 'runoff' of viscous water gives better utilisation for fire control and 
minimises water damage; 
• The logistics of chemical additives for fire-fighting is economical. 
Reiner (Reference 205) described a series of room fire tests conducted at Karlsruhe 
University's 'Research Institute for Fire Protection Techniques' to investigate a range of 
fire-fighting additives, including 'Structurmaker', a viscosity modifier for water. On a 
microscopic scale, this additive was said to 'build huge water molecules' by increasing 
the forces of attraction between the existing molecules and thus form a 'three 
dimensional mesh' of 'tied water'. However, the magnitude of these internal forces 
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were such that onJy the viscosity was increased, whil e the thermal properties of the fluId 
remained unchanged, the viscosity of the - 0 5% wt 'Structurmaker' solution used 
during the experiments was reponed by Reiner to be - 18 mP. s (u_ 18 cP) Two JlLeS 
of room were used for the tests., 12 8 m2 x 2 2 m high and 21  m2 x 2 5 m high but the 
format of the experiments was similar In each case the room was filled with a 
representative fire load of typical house furnishings and ignited remotely The gas 
temperatures and mass loss rate were monitored throughout the test and the fires were 
all manually extinguished by an experienced fire-fighter using a hand·held multi·purpose 
jet (DIN 14365 100 I min"1 at 5 bar) after - WI. oftlle initial mass had been lost The 
data in Tables 14 and 15  below show the relative effectiveness of plain water and 
viscous 'Structurrnaker' water in the 1 2 8 m2 and 21 m2 companments respectively 
Table 14 
Viscous water fire extinguishment data for 12 8 m2 room (Reference 205) 
Extinguishing agent 
initial mass of funuture, (kg) 
Bum period before start of suppression, (min) 
Burning rate at stan of suppression, (kg min-I) 
Extinguishment time, (min) 
Amount of extinguishing agent, (1) 
Amount of excess extinguishing agent, (I) 
Amount vapouriscd, �) 
Amount of water flowed through. (I) 
Table IS 
Water Water + 0.550/, (by 
mass) 'Structunnak:er' 
381 370 
21  1 8  
1 1 7  13 7 
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Viscous water fire extinguishment data for 21 m1 room (Reference 205) 
Extinguishing agent 
temperature, 
rate at start of suppression, (kg_min"l) 
Mass loss at start of suppression, (%) 
Extinguishment time, (min) 
Amount of extinguishing agent, (I) 
Amount of excess extinguishing agent, (I) 
Amount vapourised, Q) 
Water Water + 0 5% (by mass) 
36 7 40 6 
4\ 4 39 5 




In the above tables, the 'amount of extinguishing agent' is simply the product of the 
noule £loMate and the application time whil e  the 'amount of excess extinguishing 
agent' was derived from the sum of the overflow (coUected by vessels beneath the test 
room) and the volume of liquid remaining on surfaces within the room itself, the 
'amount vapourised' was taken to be the difference between these two figures Reiner 
compared the performance of the viscous water with that of plain water in terms of the 
amount of extinguishing agent required and the volume of excess agent delivered during 
the tests In the experiments reported in Table 14, the viscous water gave reductions of 
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37% and 56% in the two categories, respectively; the corresponding improvements for 
the tests in Table 1 5  are reductions of 37% and 68%, respectively. In both sets of tests 
there was no discernible difference in the behaviour of the fire-fighting jet but there was 
a pronounced increase in the period between 'suppression' and reignition of the flame, 
the latter observation is in accordance with Grove et al. (Reference 203). Reiner noted 
that this increase in 'service time' was produced during both the initial phase of fire­
fighting and in 'supplementary extinguishing work'. The viscous water was also 
observed to adhere well to vertical surfaces although its presence on the floor increased 
the danger of sliding; Reiner cautioned that the latter problem would have to be 
considered during supplementary extinguishment operations. 
The use of various chemicals, including thickening agents, to improve the properties of 
water used against forest fires has been discussed by Hardy et al. (Reference 206) and 
Guillaume (Reference 207). Hardy et al. (Reference 206) described a laboratory study 
of 7 chemical additive solutions intended for use as aerially-applied fire retardants rather 
than as fire suppressants. These chemicals were: algin-diarnrnonium phosphate (algin­
OAP), algin-ca1cium chloride (algin-gel), bentonite, sodium calcium borate ('Firebake'), 
sodium calcium borate (,Borate XPI- I 1 3  '), ammonium sulphate-attapulgite clay (,Fire­
Trol') and pectin-diammonium phosphate (pectin-OAP). In general however, the 
additive properties sought for such specialised applications are very different from those 
required for compartment fire suppression. In the case of viscosity modifiers, a large 
increase in thickness is desirable, at least initially, to ensure efficient aerial delivery of the 
agent by reducing airborne evaporation and 'spray drift' .  GuiUaume (Reference 207) 
discussed two forms of thickening systems: particulate and synthetic polymer agents. 
The former consist of small, particle-size, high surface area clays or silicas while the 
latter are commonly referred to as 'gum thickeners' (e.g. carboxymethyl cellulose, guar 
gum and 'derivatised guars '). The high apparent viscosity of the particulate systems is 
reduced drastically when shear is exerted however, and therefore these solutions become 
'water-like' when subjected to discharge from an aircraft, free fall and ground impact. 
The synthetic polymer thickeners form a 'molecular network' within their solutions and 
exhibit much less shear-thinning. According to GuiUaume, gum-thickened solution 
droplets of 5-10 mm in diameter are common, whereas clay-thickened and un-thickened 
solution droplets of2-3 mm and 2-2.5 mm respectively are the most prevalent with drop 
altitudes in excess of 40 m. 
The use of polyethylene oxide polymer (POE) as a drag-reducing agent in fire-fighting 
operations was discussed in References 208 and 209. Thorne (Reference 208) described 
the first demonstration of so-called 'slippery water' by the New York Fire Department, 
where a relatively concentrated (- 1 .  5%) solution of POE was injected into the fire­
fighting water at the pump outlet to produce a final concentration of 50 ppm (0.005%). 
The limitations of this system were listed as: a short storage life for the premixed 
solutions, the large bulk of premixed additive required (since 1 litre of 1 .5% pre-mixed 
solution could treat only 300 litres of water) and its susceptibility to shear degradation. 
A 'more practicable' form of the additive was described, known as 'rapid water', where 
powdered PEO was introduced to the water supply as a suspension in a viscous (- 6000 
cP, or 6 Pa.s), water-soluble 'carrier' liquid; this system was effective at much lower 
solution concentrations and was claimed to be relatively immune to shear degradation. 
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Two series of experiments were conducted using 70 mm internal diameter non· 
percolating fire hose with both 'slippery water' (30 ppm solution) and commercially· 
available POE slurry ('rapid water') additives A hose length of - 70 m was adopted for 
the first series of experiments while hose lengths up to 1 100 m were used during the 
second test progranune, the latter also investigated the effect of vanations in hose 
diameter (from 19·89 mm), but these data were nOl reponed by Theme in Reference 
208 1be data from the 70 mm hose tests were presented in the form of graphs of 
friction factor versus Reynolds number and 'percent drag reduction' versus hose Oow 
rate The experimental work also featured an investigation of the effect of POE on the 
form of water jets produced from typical nozzles, in particular it was anticipated that the 
presence of drag.reducing agent would delay the onset of jet instability by reducing the 
level of internal turbulence in the water stream (Section 4 J I 1 )  High·speed flash 
photography was used to record the streamwise disintegration of the water jet as it 
emerged from the nozzle and the resulting photographs were used to assess the level of 
coherence of the early stages of the jet 
As a result of these experiments, it was concluded that 
• Drag reduction of up to 60'.1. can be achieved through the use of POE in appropriate 
concentrations in 70 mm UK fire hoses, 
• Drag reduction is beneficial in fire.6ghting where high pressure losses are 
encountered (e.g. during 'water relaying' and the operation of large·bore monitors 
fed by long hoses), 
• The addition of POE to water has a noticeable effect on water jets but with the 
current (1975) design of UK Fire Service nozzles, the improvement in jet cohesion 
does not justify the use of such additives specifically for this purpose, 
• There is a fall.off in the drag reduction effect in fire hoses at high Reynolds numbers 
which can be partially offset by increasing the concentration of the additive, 
• A commercially-available formulation of POE in slurry form can be injected into the 
suction inlet offire pumps with only a 5% loss in effect, 
• The passage of water thus treated through a second relay pump reduces the 
subsequent drag reduction effect by about one quarter 
8.4 Chemical name inbibilon for fire--fighling water 
Writing in 1960. Guise (Reference 210) noted that the first addition of a true chemical 
extinguishment mechanism to plain water was in the 'loaded stream' solution, a solution 
of potassium carbonate in water, with other additives to reduce the freezing point to 40 
DC (used in hand and wheeled portable extinguishers) The loaded stream solution was 
found to be more effective than plain water on 'ordinary combustibles' such as wood, 
cloth or paper and in addition such extinguishers were also approved for Oamrnable 
liquid fires where plain water proved ineffective (even when applied as a spray) Guise 
quoted earlier experimental results (ca. 1928) which indicated that water solutions of 
metallic salts based on elements in Group I of the Periodic Table (I.e. lithium, sodium, 
potassium, rubidium or caesium) were more effective as the atomic weights of the 
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cations (positive ions) increased. It was also found that alkali metal salts with anions 
(negative ions) containing oxygen and halogens were most effective; the extinguishment 
mechanisms was thought to be due to a 'negative catalytic' effect on the combustion 
reaction Guise suggested that the effectiveness of such solutions was due to a 
'chemical chain-breaking action'; the observed increase in effectiveness of a loaded 
stream on Class 'B' fires when applied as a spray was thOUght to support this view. A 
contemporary article by Friedman (Reference 2 1 1 )  also stressed the effectiveness of the 
alkali metal salts as flame inhibitors with the exception of lithium. In discussing the 
effectiveness of powdered chemical flame inhibitors some years later, Fristrom 
(Reference 9) again noted that the alkali metal salts were particularly effective and that 
their effectiveness increased with increasing atomic number (e.g. potassium bicarbonate 
is more effective than sodium bicarbonate which in turn is more effective than lithium 
bicarbonate). 
A recurrent problem in the assessment of extinguishing agents is the frequent 
discrepancy between the suppression efficiencies achieved in the laboratory and those 
obtained during tests perfonned at more realistic scales. The studies perfonned by Kida 
(Reference 212) and Iya et al. (Reference 2 1 3 )  to investigate the suppression 
effectiveness of various metal salts are typical of laboratory-scale investigations. Iya et 
al. (Reference 213)  measured the degree of inhibition of a premixed methane-air flame 
effected by sodium bicarbonate (NaHCO,) and sodium tartrate (Na2CJf.O.o2H20); the 
objective was to determine whether the inhibition was 'heterogeneous' (taking place on 
the surface of the salt particles) or 'homogeneous' (occurring in the gas phase due to the 
presence ofvapourised inhibitor). The results indicated a strong correlation between the 
concentration of sodium evaporated and the degree of inhibition. Since the correlation 
proved to be independent both of the size of particle and the salt involved, it was 
concluded that the inhibition mechanism was very likely to be homogeneous in nature. 
Kida (Reference 2 1 2) measured the extinguishment times for small pan fires exposed to 
sprayed water solutions of a variety of salts at different concentrations, including NH.Cl 
(5%), Na2CO, (5%), NaHCO, (5%), potassium citrate (5%), KHC03 (2.5, 5, 10, 20%), 
K2CO, (2.5, 1 0, 20%), Kl (5%), KCl (5%) and HoCOOK (5%). The sprays were 
applied vertically downwards onto hexane pool fires 8 cm in diameter from a nozzle 
mounted 0.7 m above the level of the pan; when the nozzle was operated at a pressure 
of - 3 .4 bar, the spray application rate was 16.2 Lm-
2 min-', although it is not clear from 
Reference 2 1 2  whether these were also the standard test conditions. For a given 
concentration of salt solution, the extinguishment test was repeated between 50-120 
times 'under nominally identical conditions' in order that a statistical analysis of the 
process could be conducted. The average extinction time was found to vary between 
1 5 .3 seconds for plain water down to 3.3 seconds for 5% KCl solution. However, the 
measured extinction times showed considerable scatter and when plotted as a frequency 
distribution, the results were found to be 'positively skewed' .  It was concluded that the 
mean extinction time was not sufficient to describe the extinguishment effectiveness of 
salt solutions and that an appreciation of the statistical features of the frequency 
distributions was necessary to understand the effect of salt additives in fire-fighting 
water. 
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In addition to the salts of the alkali metals, various other chemical additives have been 
found to increase the potency of fire-fighting water Hardy et aJ (Reference 206) noted 
that the use of 10010 solutions of mono-ammonium phosphate had been found to 
extinguish 'from 50 to 80010 more fire than an equal quantity of plain water' Reiner 
(Reference 205) reponed the results of fire extinguishment tests involving solutions of 
various chemical additives, including diamrnonium·phosphate, diammonium·sulphate. 
potassium·bicarbonate, sodium-bicarbonate and 'nuonensid', small-scale data were 
obtained using 6 kg wooden crib fires while larger·scale tests were conducted in a 12 8 
m2 compartment where - 380 kg of furniture was burned (as described in Section 8 3) 
In the small-scaJe tests, the perfonnance of the various solutions was compared with that 
of plain water and the spray was applied after a pre-burn period had consumed 50010 of 
the cnD mass, the spray wu applied until no flames were visible and the fire was 
considered to be extinguished when no reignition occurred after a period of two 
minutes The test procedure for the compartment fires has previously been described in 
Section 8 3 
The results from these small· and large-scale tests are reproduced below in Tables 16 
and 17, respectively. the format of the latter data is broadly similar to that of Table 14 in 
Section 8 3 (page 160) 
Table 16 
Quantities of loaded stream solutions (litres) required to extinguish 6 kg crib fires 
(Reference 205) 
[Mean requirement for plain water averaged over 25 tests = 2 79 I] 
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Loaded stream fire extinguishment data for 12 8 m2 room (Reference 205) 
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Initial mass offumiture, (kg) 
Bum period before start of suppression, (min) 
Mass loss, (%) 
Burning rate at start of suppression, (kg min-I) 
Extinguishment time, (min) 
Amount of extinguishing agent, (I) 
Amount of excess extinguishing agent. (I) 
Amount vapourised, m 
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380 383 383 
215 2' 1 19 3 
41 I 40 0 40 0 
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122 125 51 
50 36 10  
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It can be seen from Table 1 6  (page 164) that in most of the small-scale tests there was a 
reduction in the water requirement for extinguishment and that there appear to be 
optimum concentrations of diammonium-phosphate, diammonium-sulphate and 
potassium-hydrogen-carbonate which correspond to a minimum water requirement. The 
maximum effectiveness was achieved with a 20% solution of diammonium-phosphate 
which resulted in a 67% decrease in the volume of water required for extinguishment 
The data in Table 17  (page 164) confirm the superior effect of the 'P20' solution at 
large-scale, where a 73% decrease in extinguishing water was found for the 
compartment furniture fire. Reiner suggested that the increased efficiency at large-scale 
was due to the earlier application of the spray in this case, i.e. when the fuel load was 
40% consumed; in the small scale tests the extinguishing streams were applied only 
when the cribs were 50% consumed and hence the fire was relatively better established. 
Table 1 7  also shows the decrease in extinguishment time for all additive solutions 
relative to the plain water stream, with the exception of the diammonium-suIphate 
solution. Reiner concluded that additives had been identified which 'allowed for an 
essential reduction in the amount of extinguishing agents needed for firefighting' and 
urged that further research should be conducted to establish that the various agents were 
environmentally benign. 
Ryan et al. (Reference 214) described the experimental evaluation of additives on the 
extinguishment of coal fires comprised of 180 kg of Pittsburgh seam coal contained in 
underground test chambers. Three additives solutions and plain water were used to 
extinguish the fires; two of the additives were unspecified commercial agents (containing 
surfactants and other ingredients) and the third was a 20% by weight diammonium­
phosphate (OAP) water solution. It was found that the 20% OAP solution required an 
average of 22 I to extinguish the fires while the other additive solutions required 30.6 
and 30.3 I respectively; the volume of plain water required was 28 I .  A statistical 
analysis of the extinguishment data, using the thermal energy of the coal bed to quantify 
the state of the fire at extinguishment, showed that the OAP solution was slightly more 
effective than plain water. The other two additive solutions were found to be 
statistically equivalent to plain water and therefore offered no practical advantage. 
8.5 Class ' A' foam 
In recent years some authorities have advocated the use of Class 'A' foam systems for 
fighting domestic compartment fires and claims have been made that this agent can yield 
a three to five times 'increase in effectiveness' when compared with plain water. Colletti 
(Reference 215)  reported an extensive series of controlled, post-tlashover, room-and­
contents fires conducted in the US during 1992; the test programme, a major 
collaborative effort between the Fire Service and private industry, was seen as an 
important preliminary step towards quantifying the efficacy of Class 'A' foam in 
'structure fire suppression' .  The tests compared the rate of temperature reduction 
within identical test rooms during the application of plain water, Class ' A' foam solution 
(applied un-aspirated) and Class ' A' foam aspirated via a compressed air foam system 
(CAFS). Where used, the Class 'A' foam solution was always mixed to 0.5% 
concentration and in all cases (including plain water) the liquid agent was applied at - 76 
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I min-I, for the aspirated foam tests, the eAFS delivered an additional flow of 
compressed air at - 20 ft3 min-I (20 elm) The same branch operator was used in all 
tests to ensure a uniform anack, consisting of a 6O·second indirect anack on the 
compartment ceiling followed by a 6O-second direct anack on the room and contents, 
the dimensions of the compartment were approximately 3 3 x 3 )( 2 4 m high and the fuel 
loading was described as 'moderate' 
The temperature decay histories for the ceiling thermocouples were virtually identical for 
all three tests, this was not une)("pected since the initial anack was directed at the ceiling 
and some impingement onto the thennocouples was also expected However, the 
corresponding data for thennocoupJes at J 2 m above floor level revealed significant 
variations in the cooling capacity of the various agents Gas temperatures at this 
location were expected to be strongly correlated with the therma.I stress and swvivability 
of trapped occupants and firefighting personnel involved in rescue and suppression 
operations The heat·absorbing capacity of the agent was characterised by the linear 
rate of cooling of the compartment gases from 538 °C (1000 OF) to lOO °C (212 OF), the 
values obtained for plain water, foam solution and aspirated foam were ·1 9 °C Si, --4 2 
QC,s' and ·11  4 °C.s' respectively It was concluded that both the un.aspirated and 
aspirated foams promoted a faster rate of cooling within the companment and 
consequently improved tbe thennal environment for both the occupants and firefighters 
alike Based on tbese cooling rates it was determined that the foam solution was -
I J 0010 more effective than plain water while the aspirated system produced a 4800/0 
improvement, the total water supply required in each case was 280 I, 129 I and 49 I for 
plain water, foam solution and aspirated foam respectively 
As a result of tbe tests, number of advantages were perceived for the eAFS compared 
with a plain water strategy for post·Oashover compartment fires 
• The firefighting crew consistently commented upon the 'outstanding visibility' since 
with very little smoke or steam was produced from the application of the 
compressed·air foam, 
• The eMS was seen as a way to increase the effectiveness of water in fighting 
compartment fires containing increasing quantities of 'rapidly burning synthetic 
furnishings' without incurring the logistical penalties involved in increasing plain 
water flowrates great1y above - 350 I min"', 
• In particular, the tests indicated that a 100% increase in efficiency might be realisable 
in practice, and in this case a 450 I min-I foam application would be equivalent to a 
900 I min"' plain water delivery In fact the tests suggested that a 3()()"500% increase 
in efficiency might be possible by the CAFS if 'applied correctly' in practice, 
• Any increase in the effectiveness of compartment firefighting would lead to increased 
firefighter safety, improved operational efficiency and reduced property damage 
during structure fire operations, 
• On the basis of these encouraging preliminary data, Colletti (Reference 215) urged 
that funher 'fuJI·scale, controUed laboratory comparative testing' of CAFS should be 
conducted by third-party agencies 
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In the UK, the perfonnance of a 'concept demonstration' CAFS unit was tested under 
non-fire conditions by the Home Office Fire Experimental Unit (Reference 216); test 
measurements included foam throw, expansion ratio, 25% drainage time and shear 
strength. A CAFS unit comprises essentially three elements, a water pump, a foam 
concentrate injector pump and an air compressor; commercial systems are available in a 
range of capacities but for the FEU tests the nominal perfonnance data were - 1000 
l .1nin-1 (at l O bar), 9.8 l .min-I (at up to 1 5  bar) and 90 cfm at 7 bar (and capable of 
operating at up to 15  bar) respectively. Initially, four foam concentrates were selected 
for the study: Fluoroprotein (3%), AFFF (1%), AFFF (3%) and FFFP-AR (3-6%). 
Three tests were perfonned for each solution, one where the CAFS produced low 
expansion (LX) foam (low air flow case), one where the CAFS produced medium 
expansion (MX) foam (high air flow rate) and a comparison test with an equivalent Fire 
Service LX primary aspirating branchpipe. 
The expansion ratio of the foam was measured and gives a measure of the amount of air 
in a foam; low expansion foams fall in the range I :  1 -20: I ,  medium in the range 20: 1 -
200: 1 and high expansion in the range 200: 1- 1000: 1 .  For an expansion ratio of 10: 1 ,  a 
given volume of foam contains 90% air and 10% foam solution. The 25% 'drainage 
time' is the time taken for one quarter of a given mass of foam to return to foam 
solution; foam with low drainage times flow better whilst high values are associated with 
longer lasting foams. The 'shear strength' gives a measure of how well the foam has 
been 'worked' before application; water foams have low values (approaching zero) 
while stiff foams have higher values. Foams containing smaller and more unifonn 
bubbles tend to be stiffer and hence have higher shear strengths. 
In the event, practical difficulties with sample collection prevented an assessment of the 
MX foam quality produced by the CAFS and the relatively viscous FFFP-AR proved 
incompatible with the system as supplied. However, the LX foams produced by the 
CAFS achieved much greater heights (+1 7% to +192%) and throws (+14% to +63%) 
than were possible with the conventional primary aspirating branchpipe even though 
both nozzles were operated at an elevation of 40° to the horizontal. All three LX foams 
produced by the CAFS were found to have longer drainage times than those produced 
by the conventional nozzle, but the fonner also had lower expansion ratios; the latter 
was particularly unsatisfuctory in the case of the 1% AFFF foam. The CAFSILX foams 
produced with 3% AFFF and 3% Fluoroprotein were deemed to be of good quality. 
Despite the satisfactory perfonnance with LX foams, it was felt that the system 
limitations, in tenns of the maximum capacities of the air compressor and the water 
pump, reduced the versatility of the apparatus. It was suggested that a 'more balanced' 
system would comprise: the existing water pump ( 1000 l.min-I at 1 0  bar), a larger 
concentrate injection pump (rated at - 39 l .1nin-1) and an air compressor rated at 200 
cfin. It was stated that this configuration would be capable of generating LX foam at all 
expansion ratios up to 1 0 : 1  at several foam flow rates: 6% concentrate at 640 l.min-I, 
3% concentrate at 900 l.min-I and 1% concentrate at 900 l.min-l 
As an extension of the work described in References 1 99-200, the Home Office Fire 
Experimental Unit have recently completed an assessment of various Class 'A' water 
additives, based on an extensive series oflarge-scale (unconfined) fire suppression trials. 
The fire load comprised an array of 56 wooden pallets, arranged in a square of 4 stacks 
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of 14 pallets, ignited by a tray of heptane placed under each stack, the tests were 
performed under a large exhaust hood in the FEU 'Still Air Facility' at RAF Little 
Rissington Following burnout of the heptane, which look approximately 2 minutes, the 
pallets were allowed to attain a steady burning rate (a nominal prebum period of - 5 
minutes), prior to the commencement of firefighting 
During the initial test series, perfonned in 1995, a total of 13  Class 'A' additives were 
tested In addition, plain water, AFFF and a synthetic detergent-based foam were used 
as comparison agents. The additive manufacturers claimed various advantages for their 
products, including increased penetration into the fuel bed and reduced bumback.. For 
the tests, the additives were mixed according to the manufacturers' instructions and 
were applied to the test fire \',a a high pressure hosereel at 50 l.min·\ Although it was 
recognised that this flowrate was lower than would be adopted in practice, it was 
selected in order to improve the inter-comparison between tests The branch nou.le was 
adjustable between a jet setting and a fixed spray angle of 120" An experienced local 
authority firefighter tackled the fire, using a jet for the first minute, in order to achieve 
initial knockdown Following the jet attack, the branch was switched to spray mode and 
firefighring was continued until the firefighter considered that a consistent level of 
extinguishment had been achieved 
The relative effectiveness of each additive mixture was quantified with reference to the 
output from 4 fixed radiometers which were located nonnal to the centres of the sides of 
the fire load, attached to the supponing columns of the exhaust hood The data were 
averaged and nonnalised relative to the peak radiative flux., which occurred just before 
firefighting commenced Graphs of these data were analysed to assess the effectiveness 
of thermal energy removal, by calculating the area under the curves during the various 
phases of firefighting It was found that most fire reduction occurred during the first 2 
minutes of firefighting, and so the area under the graphs in this period was used as the 
primary measure of additive effectiveness. It was also found that the fire reduction 
during the first minute Get attack) was considerably greater than in the second minute 
(spray attack) However, overall the data were inconclusive. panly because each 
additive had been tested only once, and it was therefore decided that further testing was 
required 
The second series of tests, conducted in 1996, was broadly similar to the first but was 
more strictly controlled Specifically, all but one of the agents tested previously were 
tested at least twice (including water), the structure of the paUet stack was improved to 
prevent collapse and the moisture content of the wood was closely controlled As a 
resuJt of these measures, the range of maximum heat fluxes obtained during the 1996 
tests was found to be 8 5-11 kW m-2, compared with the somewhat wider range of 12-
22 kW m·2, obtained during the earlier tests. The test procedure was identical to that 
used previously, except that the hosereel branch was operated in spray mode throughout 
firefighting, and the initial jet attack was abandoned The heat flux data from the 
radiometers were again used as the primary indicator of additive perfonnance, and the 
period of most interest was increased to the first 4 minutes of fire suppression rather 
than the first 2 minutes in the earlier tests (due to the absence of jet attack) 
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The FEU are currently in the process of publishing detailed accounts of these tests, 
however the provisional conclusions are that none of the additives tested produced a 
significant improvement in firefighting performance when compared with water. 
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8.6 Summary 
Many diverse additives have been proposed over the last three decades or so, with the 
aim of improving the effectiveness of firefighting water, by reducing the rime taken to 
achieve flame extinction and reducing the total volume of water required Much of the 
research effort on Class 'A' additives has focused on the use of surfactant chemicals 
such as AFFF, AFFF-AR, FP, FP-AR, FFfP, fffP-AR etc which were originally 
developed for Class 'B' fires and were intended to be applied as aspirated foams 
However, because of the three-dimensional nature of typical Class ' A' fires, a greater 
degree of agent penetration is required initially and therefore additive streams are 
generaJ.ly applied un-aspirated in these situations The sUlface tension (a) of these 
solutions is less than that of plain water and hence the 'wettability' of the solution is 
increased, this improves both the fuel-bed penetration and rate of heat extraction of the 
extinguishing water by conduction 
Reducing the magnitude of a also reduces the energy required for spray atomisation by 
a given nozzle (alternatively, the character of the spray may be altered for a given nozzle 
when 'wet water' is substituted for plain water, aU other things being equal) Large 
reductions in a are possible with very low concentrations of agent (e.g. 50010 reduction 
for - 0 1% solution by mass) In the case of film-forming foams (AFFFs), their values 
of a are lower than typical petro-<:hemical products, however the relative contribution 
of the film-fonning mechanism to fire extinction has been questioned by some authorities 
in the light of experimental data 
Thickening agents have been used to produce solutions of 'viscous water', which are 
reported to achieve faster knockdown, more rapid extinguishment and a reduced 
tendency to burnback; in addition, runoff and total water consumption were reduced 
The literature contains much anecdotal evidence from forest fire operations where 
viscous water was seen to reduce the suppression time and prevent bumback Also, 
fires extinguished with viscous water are expected to retain much less residual heat 
compared with fires extinguished by when plain water It was also anticipated that the 
use of viscous water in companllltnt fire situations wou1d reduce the water damage to 
structures. contents etc Room and contents fire tests have confirmed a reduced 
tendency to runofr, with consequent reductions in time to eX1inguishment and total water 
consumption, a delayed bumback was also observed An additional benefit of viscous 
water is its ability to adhere to vertical surfaces Two practical limitations of viscous 
water were noted: first that during 'mop-up' operations, special effort must be made to 
reach deep-seated 'hot spots' and that some agents may be shear·sensitive so that the 
viscosity ( '7) of the solution decreases with recycling in pumps etc Also, it seems that 
the effect of viscosity modifiers on a and wce-versa is not well documented for 
common additives 
Chemical inhibitor additives work by interrupting the chemical chain reactions required 
to sustain combustion e.g. potassium carbonate solution is known to be effective 
against Class 'A' materials, the alkali metal salts in general are more effective as the 
atomic number increases, therefore potassium bicarbonate is better than sodium 
bicarbonate, which is bener than lithium bicarbonate Remarkable (- 70%) reductions in 
170 
the total extinguishing water requirement have been reported from recent room and 
contents burns, using a 20% by mass diammonium-hydrogen phosphate solution. 
Class 'A' foam is a relatively recent development and recent US test experience of a 
CAFS (compressed air foam system) against post-f1ashover compartment fires has 
shown that an aspirated 0.5% solution can promote very rapid cooling of compartment 
gases, up to - 500% faster than plain water over the range - 540 °C to 100 °C and this 
required only 1 8% of the total plain water application to achieve this result. It should be 
noted however, that CAFS is just one particular method for producing an aspirated foam 
and it can be used in conjunction with any foaming agent. In the American tests, the 
relatively low steam and smoke production gave better visibility throughout the attack. 
It was also suggested that Class ' A' foam could provide a more efficient attack on high 
heat release rate synthetics in domestic fires without incurring the logistical problems 
associated with merely increasing plain water delivery rates beyond - 350 I.min-'. 
Overall, it was concluded that this technology offered improved safety benefits for both 
firefighters and occupants, together with a reduction in property damage. In the UK, 
tests of this system have so far been limited to hydraulic performance evaluation and on 
the basis of these tests FEU have suggested some improvements to the CAFS system 
specifications to improve its versatility. 
Regarding the influence of additives on droplet characteristics, all other things being 
equal, the droplet diameter will decrease as the liquid density (p) increases, as the 
surface tension ( eT) decreases and to some extent also with increasing viscosity ( TJ) of 
the sprayed liquid. Braidech and Neale (Reference 149) reported that for a range of 1-
10 times the viscosity of water, no significant changes in droplet size will occur. Since 
surfactant agents ('wet water') act principally to reduce the surface tension of water, a 
'reduction in the size of the droplets is to be anticipated where such treated water is 
dispersed as a spray'. Special consideration must be given to nozzles used in 
conjunction with viscous water as changes in TJ may affect the spray pattern significantly 
e.g. a full cone spray produced with plain water may be altered to a hoUow cone spray if 
viscous water is used. Also if increased spray penetration is required then increasing TJ 
can produce larger drops possessing greater momentum. 
Large scale tests of Class ' A' additives have almost exclusively employed wooden crib 
fires and it has been found that the larger crib fires give a better inter-comparison of 
agents than small fires. The effectiveness of Class ' A' additives against compartment 
fires was investigated by the FEU and the results were presented in terms of a 3-phase 
extinguishment model: initial room cooling, bringing the fire under control and fina1 
extinguishment of residual 'hot spots'. During phase 1 ,  sprayed additives were found to 
be ineffective and no significant improvement was observed over plain water. During 
phase 2, all additives made a positive contribution in reducing fire severity compared 
with plain water, especially AFFF and 'Halofoam', with the former being much more 
economical. However, although the tests indicated that the duration of the 'control 
phase' would be reduced, the overall saving in water demand and fire damage was 
expected to be small. In the US, the use of sprayed AFFF has been found to be effective 
against large scale Class 'B' fires despite low expansion ratios (- 2: 1), and exbemeiy 
rapid knockdown was reported. It was suggested that chemical inhibition mechanisms, 
particularly the evaporation of fluorocarbons, played a significant role in flame 
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knockdown The FEU phase I observatIOns however, are al vanance WIth these reports 
of the efficacy of sprayed AFFF, I1 would be of interest to establJSh why these results 
diif'er [f a similarly enhanced lcnockdown could be achleved In Class ' A' compartment 
fires. ttus would be tughly desirable AJthough most of the FEU's Class 'A' suppresSIon 
tests have employed Class '8' additives, recent experiments have examined the 
effectiveness of special Class ' A' foam agenls, at the time of wnting this work is still 
ongomg 
Small scale tests of plastics fire suppression by 'wet wate( ha� shown that mcrea.sed 
adhesiveness is COMected with ease of extinction and that wet water can be much more 
effective than plain water in many instances Large scale plastics fires data have not 
been reponed in the literature Wet water applied as fog was found to be better than 
solid stream application except for foam plastics 
The use of addltl\'es has been investigated by groups concerned WIth the development of 
water mist systems as replacements for Halon systems, although much of these data 
remain confidential Smce much of the emphasis of these tests IS on meeting industry 
standards as a prerequISite to commercial exploitation of systems, there is a lack of 
fundamental, systemallc. basiC research, the result is that although some additives appear 
to 'work', the exact mechanisms remain undetermined Various additives have been 
tested in water nust systems, including sahs and 'conventional foams' It has been 
suggested (Reference 217) that water mists may optimise and combine the extinguIShing 
effectiveness of both water and salts simultaneously if the rapidly evaporating droplets 
le.a� behind sah panieles the size of which may be very small, again however, no 
systematic studies are available at present Where foams ha� been used in mist systems, 
sometimes the water mist is lost completely, and the foam falls down as big 'flakes' 
(observed with low pressure systems), while in some cases the system works perfectly 
and the foam is weU-distributed over the buming surfaces (this has been seen in both low 
and high pressure systems) In the case of foam-type additives the suppressaon 
efficiency appears 10 depend on how the mist is produced (high pressure, low pressure, 
twin fluid) but here again no systematic studies exist (Reference 217) 
11 has been suggested that additives may not find widespread acceptance in water mist 
systems because their possible environmental andIor health hazards and the imponance 
of their long-term stability in storage tanks (Reference 217) While these facton; are 
undoubtedly also of concern to the Fire Service, it seems likely that new additives wiU 
continue to appear and will require to be assessed The wide range of test methods 
employed in the literature to some extent prevents direct comparisons of additive 
performance Even in 1960, Hetench (Reference 10) noted the ongoing debate 
regarding the best test method for 'wetting agents' (or 'dousing agents') Given the costs 
involved in large scale fire testing, it would be beneficial to develop a more standardised 
approach to compartment fire suppression experiments, preferable including a move 
away from the traditional wooden fires 10 incorporate more representati� synthetic 
fuels Such a development would permit a more rational assessment of additive 
performance More immediately, serious consideration should be given to investigatmg 
the claims made for Class ' A' foam and viscous water against companment fires, test 
data could be compared with the existing FEU database on companment fire and large­
scale pallet fire suppression with other additives 
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9. DISCUSSION 
Water has long been the first choice of agent for fighting Class ' A' fires, but the method 
of its application by the Fire Service, in developed countries at least, has developed 
much since the days of buckets and stinup pumps. Modem UK fire appliances 
containing typically 1 820 litres of water can attend typical residential or commercial 
compartment fires within minutes of receiving an alarm call and firefighters have the 
ability to deliver water at rates of up to - 1 50 I .min·' in variable spray patterns using 
modem hosereel systems. It was noted in Section 5.3 .  I that the thermal characteristics 
of water make it ideally suited as an extinguishing agent for most types of fire, whether 
it is used to extract heat directly from the flames or from the surface of the fuel; in 
addition, the production of water vapour in sufficient quantities may further contribute 
to fire extinguishment by inerting the surrounding atmosphere. In the case of fuels 
which liberate flammable vapours at or below ambient temperatures however, fuel 
cooling is not a viable extinguishing mechanism when water sprays are used and flame 
cooling and inerting are the only routes possible. 
Many workers have concentrated their efforts on deriving quantities such as critical 
application rates (I.m-2 min-'), critical flow rates (I. min-') or total water volumes required 
to extinguish test fires in order to maximise the 'efficiency' of water usage. It has been 
found that the critical application rates for fire extinguishment obtained in the laboratory 
are much smaller (by one or two orders of magnitude) than those measured during full 
scale tests, particularly in compartments. The cause for this discrepancy has been sought 
for many years and the current view is that water intended for deposition on the fuel 
surface is 'wasted' by premature evaporation on contact with non-burning surfaces and 
with the hot gases in the compartment; in addition some very small water droplets will 
be convected out of the compartment before they have a chance to evaporate. It has 
also been remarked that the human element is responsible for some 'inefficiency' during 
manual firefighting since firefighters naturally employ indirect cooling of the 
compartment to ameliorate the punishing thermal environment. 
The developments in the design of water mist systems has also been discussed in this 
report and in this respect there is an important distinction to be made between the 
compartment fires attended by the Fire Service and those for which fixed fire 
suppression installations are designed (or indeed those which are tackled either by the 
'first-aid' use of hand-held extinguishers). Fixed fire suppression systems are designed 
to control and extinguish relatively small fires occurring in a known geometry, whereas 
the Fire Service are usually faced with large (post-flashover) compartment fires in 
unfamiliar surroundings and often with the added complication of removing trapped 
occupants from the scene. Under such circumstances it is debatable whether the most 
'efficient ' use of firefighting water is the highest priority. Despite the claims that water 
supplies are often limited, this is not usually so in the UK. It has been seen in the 
foregoing sections that typical compartment fires are extinguished using between 50-300 
litres of water and typical fire appliances in the UK carry typically 1 820 litres; so 
recourse to mains water is rare. 
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The data in Tables AI and A1 (Appendix I )  are a distillation of many of the 
experimentally-based research papers which have been reviewed during the course of 
this project The wide variation in critical application rates is readily apparent and it 
seems likely that water will continue to be 'wasted' by the Fire Service when attending 
real incidents This is not to say that the application of water to a fire cannot be 
improved or its effectiveness in cooling burning surfaces increased The fonner would 
benefit from a systematic study of the interaction between firefighting sprays and a 
companment fire under realistic conditions, the present knowledge of spray/plume 
interaction is based almost exclusively on the vertical discharge of sprinkler sprays onto 
fuel arrays Our understanding of the physical interaction between water sprays and low 
conductivity burning solids is also far from complete and again much of the existing 
knowledge is derived from an unsatisfactory analogy (the spray cooling of high thermal 
conductivity metals) It is also imponant that there is a coherency between Fire Service 
training and fire safety research, the latter can all too easily be seduced into searching for 
an ultimate target (such as a minimum water requirement) which may be realisable in the 
laboratory but which can never be approached remotely in practice 
In the majority of fire tests reviewed here, wooden cribs were used as the fuel source, 
they have the advantage that they are relatively cheap and 'repeatable' but they are not 
wholly representative of the solid fuels involved in many residential (or commercial) 
compartment fires, panicularly where synthetic materials may be involved Also, certain 
peculiarities of crib fires (e.g. internal cross-radiation effects between individual sticks) 
have resulted in suppression/extinction characteristics which are not generally 
representative of other fuel types It wouJd be sensible to investigate a wider range of 
fuels in future compartment fire tests 
Water mist systems are being developed as replacements for Halon fixed fire suppression 
systems The 'optimum droplet size' debate in this case is governed by the perceiVed 
need to mimic the transport characteristics of Halon gas so that water droplets can fill a 
compartment and thus reach the fire in the absence of human intervention However, 
the generation of very small water droplets is no guarantee of success in these systems 
either, due to physical differences between water and Halon gas, for ex.ample some of 
the water volwne is lost by deposition on solid surfaces and may contribute nothing to 
the suppression process (panicularly if the surface is cool initially) Those involved in 
testing water mist systems frequently report that although the fire can be 'controlled' 
and the rate of burning reduced, final extinguishment is not possible because the water 
droplets lack the necessary momentum to reach the fuel surface and lower its 
temperature sufficiently to stop the production of Oammable vapours On the other 
hand, water mist systems have also proven capable of achieving almost instantaneous 
extinguishment of cenain fires, pamcularly Class 'S' or 'C' fires with a high degree of 
confinement, this rapid 'snuffing out' effect is due primarily to the inertion of the 
compartment atmosphere by the large volume of water vapour produced by heat transfer 
from the compartment gases and solid boundaries 
Regarding the beat transfer processes which control fire suppression and extinction, the 
thermodynamic interaction between water sprays and hot gases is well understood, the 
only question raised m this area by the current study is the importance of surfactants on 
the evaporation process It has been suggested that the rapid flame knockdown 
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achieved with sprayed AFFF against Class 'B' test fires can only be explained by 
chemical flame inhibition arising from the preferential diffusion and evaporation of 
fluorocarbon species from finely divided sprays, Given the interest of FROG and FEU 
in the effects of additives, this claim should be investigated further, The most significant 
gaps in our understanding of the extinction process appear to be in the conditions 
leading to final suppression and extinction (and the conditions which may lead to re­
ignition), The fonnulation of an adequate description of this regime of the 
suppression/extinction process requires a detailed knowledge of the heat and mass 
transfer at the fuel surface, including the ability of water droplets to adhere to various 
burning materials, the dynamics of a spray impacting on a burning surface and the 
characteristics of the flow of heat from within the bulk of the fuel mass, The influence 
of additives such as thickeners and wetting agents should also be examined in this 
respect, 
From an academic standpoint it would be of interest to rationalise some of the published 
experimental data and compare the predictions of some of the more empirically-based 
models reported in Section 6 of this report, This would be provide an independent 
assessment of the utility of the models and allow for a more critical appraisal of the 
experimental data than has been possible within the present, necessariJy broad, overview, 
An additional benefit of this activity is that gaps in the experimental data might emerge 
and this knowledge may improve the utility of future test programmes, Certainly the 
extrapolation of laboratory-scale fire suppression data to the practical situation of 
fighting a fully-developed post-f1ashover compartment fire containing diverse 
combustible materials must be carefully scrutinised, The problem with the semi­
empirical models which have been reviewed here is that they have received only limited 
testing by the originator of the method and have often been compared with sparse 
laboratory-scale data, It would be sensible to put them to a more rigorous and 
independent test programme against a wider database, 
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10. CONCLUSIONS AND PROPOSALS FOR FUTURE WORK 
The Fire Experimental Unit of the Home Office Fire Research and Development Group 
are seeking to produce a comprehensive description of the suppression and extinction of 
Class ' A' fires. As a result of the present literature review it seems that the current 
state-of-the-art is close to achieving this objective, but there remain certain gaps in the 
knowledge which need to be addressed by future research 
1 A comprehensive and wide-ranging review of the suppression and extinction of Class 
• A' fires has been conducted. The review iUustrates clearly the complex nature of the 
problem, due to variations in fuel type and geometry, compartment geometry and 
ventilation, spray characteristics and application method etc. It is proposed that this 
review be used as reference text to answer, as far as possible, the questions posed by 
the FROG regarding the use of water sprays for the suppression of compartment 
fires. 
2 The dominant mode of Class 'A' fire suppression has been identified as fuel coo ling, 
although indirect cooling and inertion of the fire atmosphere may also play a role, the 
latter mechanisms are however more relevant to the initial knockdown of the fire than 
to its final extinguishment. There is general consensus in the literature that a Class 
'A' fire cannot be finally extinguished until the fuel bed is cooled below some critical 
value, either expressed as a critical surface temperature or as a critical rate of heat 
flux to be abstracted. 
3. Our present understanding of the processes involved during fuel cooling by water 
impingement is however, far from complete. This is particularly true for materials of 
low thenna! conductivity, which are the most relevant to Class 'A' compartment 
fires. Although some progress has been made in recent years, much remains to be 
done particularly in the case of textiles and composite materials. Suppression may be 
obtained by the mechanisms of flame cooling and flame inertion, but unless the 
reservoir of thennal energy inside the solid fuel is dissipated, the threat of re-ignition 
remains. There is clearly scope for the experimental and/or theoretical investigation 
of this process for commonly-occurring Class 'A' fuels of low thermal diffusivity 
which are possibly composite in nature. 
4. The critical application rate of water (I.m-2.min-l) required to secure the 
extinguishment of a Class 'A' fire has been shown to be a highly variable quantity, 
depending upon the parameters mentioned in I above. 
5 Some objective 'consolidation' of the various stands of semi-empirical modelling is 
also indicated (together with some independent validation tests with more recent 
empirical data). It would be of interest to run the Fire Demand model for example, in 
order to simulate some of the most recent FEU experiments on the suppression of 
Class 'A' compartment fires A qualitative agreement betWeen the FEU 'three phase' 
model of extinguishment and some of the FD Model's output has already been 
observed (Section 7.2.2); by simulating the specific circumstances of the FEU 
highllow pressure hosereel tests (Reference 32), the three phase 
suppression/extinction description could be advanced in more quantitative terms A 
particularly useful component of the output from the FD Model is an inventory of the 
suppression water applied, from which may be judged the efficiency of water 
application and the volume of water vapour generated etc 
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6 Given that there is a sudden transition to extinction from flaming combustion (as 
illustrated in Figure 26), the problem would appear to be amenable to analysis by 
non-linear modelling techniques (i.e. 'catastrophe theory'), which are now routinely 
used in the study of various natural phenomena, including fire growth phenomena. 
Any future theoretical analysis of fire extinguishment should consider making use of 
this mathematical technique. 
7. The interaction between water sprays and buoyant fire plumes has been widely 
studied, particularly in the case of sprays discharging vertically downwards 
(characteristic of sprinklers); there has also been some data gathered on drop size 
distributions from these sprinklers. Complex computer algorithms have been 
developed in order to track the progress of water droplets travelling in high 
temperature gaseous atmospheres and to estimate the magnitude of air entrainment 
into these sprays. At present however, there has been no comprehensive study of 
similar phenomena which occur during normal active fire-fighting operations where 
the initial droplet trajectories are typically horizontal, or very nearly so. The existing 
drop size distributions for jet-spray branches are sparse and have not been used to 
assess the ultimate fate of water droplets during fire-fighting in compartments. 
8. There does not appear to be a consensus emerging from the literature on the benefits, 
or otherwise, of adopting high pressure (> l O bar, - I SO psig) hosereel systems for 
tackling compartment fires. Some writers cite the advantages of finer sprays coupled 
with increased 'throws' but others remain sceptical. There would appear to be some 
scope for further investigation and clarification in this area. 
9. Regarding the use of additives in firefighting water, two areas have been identified 
which might repay further study. Firstly the effectiveness of thickening additives has 
been reported independently by several authors; the reported benefits included 
reduced water runoff, reduced time to extinguishment and delayed burnback. The 
additive trials reported by the FEU to date have not investigated so-called 'viscous 
water' and it is recommended that future trials do include such agents. Secondly, the 
possibility that sprayed AFFF can produce chemical flame inhibition has been 
suggested to explain the rapid knockdown of certain Class 'B' fires in the US. 
Although FEU compartment fire tests have not confirmed this effect, it is suggested 
that further research in this area is warranted. 
10.Finally, in the longer term, a natural extension of this work would be to consider the 
suppression and extinction of other classes of fire. 
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fire growth factor (kW S'2) 
numerical indices used in general equation for mean drop diameter (.) 
area (m2) 
numerator in Spalding's B·number (J kg'l) 
plan area of fire (m2) 
area of ventilation openings in fire compartment (m2) 
Spalding's B-number for mass transfer (-) 
concentration (spray or gas) (kg m'l) 
specific heat capacity (at constant pressure) (J kg" K" ) 
drag coefficient (spray) (.) 
drag coefficient (single droplet) (-) 
diameter (mm, cm or m) 
mass diffusivity of water vapour in air (m2 s') 
Damkbhler number TJr� (-) 
main drop size (J.U11) 
total heal energy released (1) 
activation energy (J kg" ) 
F roude number v2 / gel (-) 
gravitational acceleration (m,s·2) 
static pressure head (metres water gauge) 
heat transferred by convection from flame to fuel per unit mass of fuel 
consumed (firepoint equation) (J,kg" ) 
heat produced by combustion per unit mass of oxygen consumed 
(- 13 kJ g" for organic fuels) 
external heat flux (kW m'2) 
intensity of light beam (lux) 
thermal conductivity (W rn" K" ) 
extinction coefficient (-) 
length (m) 
latent heal of evaporation (,heat of gasification' for solid fuels) (kJ g" ) 
relative refractive index (-) 
mass (kg) 
mass burning rate (g s'*, kg min" etc ) 
mass flow rate in nozzles (kg s" ) 
mass burning rate per urut area (g m'2 s', kg m'2 s·,) 
vertical thrust of water spray/fire plume (N) 
refractive index (-) 
non4imensional parameter relating to spray/plume interaction (-) 
number of drops of a given diameter, I 
Numlt number ad/le (-) 
total surface area of water spray per unit volume (m'l) 
pressure (bar, Pa) 
aerodynamic (externally-induced) pressure (pa) 
path difference (m) 





































droplet internal pressure (pa) 
droplet pressure due to surface tension (pa) 
differential pressure (pa) 
Peclet number vd / a (-) 
Prandtl number Cp 1// k (-) 
volume flow rate (l.min·'. Imperial gal.h·') 
heat release rate (kW) 
rate of transfer of thermal energy per unit area (kw.m·2) 
radius (m) 
stoichiometric ratio (-) 
universal gas constant (J.kg·'. K') 
heat flux received by fuel in addition to convection (firepoint equation) 
(W m·2) 
heat flux lost to the environment in firepoint equation (W.m·2) 
burning rate of wood (linear rate of char production) (mm.min·') 
Reynolds number pvd /1/  (-) 
volume (m3) 
heat release rate (W) 
net sensible heat received by fuel per unit surface area (firepoint equation) 
(W.m·2) 
rotation speed (r.p.m.) 
total spray surface area (mm2) 
amplitude of scattered light for optical drop sizing (lux") 
Sclunidt number vi D (-) 
time (s) 
absolute temperature (K) 
spray film thickness (m) 
transmissivity of infrared radiation (-) 
differential absolute temperature (K) 
velocity (m.s·', mm.min·' etc.) 
total spray volume (mm3) 
fI ( 3  ·2 .,) water ux m .m .s  
average throw of jet/spray (m) 
volumetric heat transmission of water spray (W.m·3 K') 
fI (1 ·2 . ., 1 ·2 .') water ux .m .mm or .m .s  
rate of heat abstraction by water application (W) 
Weber number pdv2 / a (-) 
throw distance of jet/spray (m) 
non-dimensional 'controlling parameters' in spray/plume interaction (-) 
heat transfer capacity of water spray (W.m·3) 
oxygen mass fraction (-) 




























heat transfer coefficient (W m-l K"I) 
thermal diffusivity (m1 s"\ cm2 S-I) 
depth ofthennal penetration (m) 
waIl thickness (m) 
absolute (or dynamic) viscosity (N s m-2 or Pa s) 
interception angle of impinging jet newts (0) 
included angle of spray (0) 
half-angle of sprinkler spray envelope (0) 
temperature (0C) 
thennal diffusivity of air (m2 S"I) 
wavelength of infrared radiation bun) 
heat required by fuel to produce unit mass of vapour (firepoint equation) 
(I kg-') 
heat·removing capacity of suppression agent in firepoint theory (J kg-I) 
kinematic viscosity of jet at exit (m2.s·l) 
density (kg mol) 
surface tension (N.m-I or dynes cm-I) 
time (s) 
volume fraction H 
critical fraction of heat lost to fuel surface in firepoint equation (.) 
equivalence ratio (.) 














































ventilation, vapourisation, evaporation, film boiling 
50% volume mean diameter etc. 
water, window opening (compartment fire) 
water spray 





Figure I The Front Room F,re 
(0 Crown copyright, courtesy of BRE) 
Time from ignition "" 30 s 
Figure 2 The Front Room Fire 
(0 Crown copyright, courtesy ofBRE) 
Time from ignition - 1 min 15  s 
Figure 3 The. Froll' Room F,re 
(0 Crown copyright, courtesy of BRE) 
Time from ignition = 2 min 15  s 
• 
Figure 4 The Front Room Fm! 
(0 Crown copynght, courtesy ofBRE) 
Time from ignition '" 3 mtn 0 s 
Figure 5 The Front Room F,re 
(0 Crown copyright, courtesy ofBRE) 
Time from ignition "" 3 min 1 5  5 
Figure 6 The Front Room F,re 
(0 Crown copyright, courtesy of BRE) 
Time from ignition - 3 min 20 s 
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Insufficient ruel or ox) gen 
Figure 7 Schematic: of compartment fire growth history (after Reference 6) 
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Aerosols Noules Sprinklers 
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"FIne Sprays" (Reference 12 )  
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SPf3)' tontrol collar 
Nozzle control handle 




Collar back · spray 
Collar forward -Jet 
Category "A" 
Shut with collar In extreme 
forward posiuon 
Category "8" 
Shut by onIoff 
control upstream 
Category "C" 
Single nozzle · 
control handle selects "off" I 
or jet, or spray 
Category " 0" 
Jet from central nozzle. 
spray from concentric collar; 
jet shut off by handle 
(or second collar) 
Category "E" 
Control handle selects "off". 
or jet, or spray, from central nozzle, 
concentric collar adjusts and 
shuts off additional spray 
Category " F" 
Control handle selects "off". 
or jet. or spray 
Figure 12 BasIc categones of fire-fighting branches (adapted from Reference 27) 
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Increasing liquid injection pressure 
(b) Flat spray nozzle 
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(cl Impact nozzle 
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(f) r"";n fluid atomiser nozzle 
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(e) Stages of spray de, elopment with increasing Injection pressure (after Reference 14) 
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Figure 14 Number of droplets and total surface area produced by one litre ofwatet, 
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Figure 16 McCaffrey's 'first stage' (momentum conservation) model 
of water droplet-flame interaction (from Reference 45) 
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}re 19 Schemallc heal transfer during surface coolmg showing convergence Ca) and divergence Cb) 
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(b) Schematic of PDA OptiCS 
Collection optiCS ...... � 
Figure 22 Schematics of Malvern <a> and PDA (b) optical layout 
(after Reference 121) 
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Figure 2) InleraclLon between parallel light and a single water droplet 
(nOle path difference between renecled and refracted rays - after Rererence 1 2 1 )  
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Figure 24 Water·based supressibility correlation (after Reference 124) 
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Figur� 26 Variation ofnon-dimensiona1 maximum temperature 
with 'boundary Damkohler number' (after Reference 127) 
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Figure 27 Variation of non-dimensional maximum temperature 












Figure 28 Heat losses during a fuUy-developed compartment fire (after Reference 139) 
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Figure 29 'Fire Demand Model' suppression water inventory (after Reference 143) 
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Figure 30 Time to extinguish a fire vs agenl application rate (after Referen« J) 
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Summary of experimental data on water suppression and extinction of open fires 
IoWI &: geometry PTe-burn 
",nod 
Class B pool fires 0 02·8 min 
(0.3 rn) alcohol. 
benzole. petrol, 
kerosene 
Rotating en'" of 38% of initial 
Conican pine (SI fuel mass 
mm square 51icks, A r 
- 72  ml) 
Japanese cedar wood 
<rib 
Ea5lem whIte pine cnbs S-2O'Y. of 
en'" (-0 2 m cubed) initial mass 
and pallels (- I 2 m 
cubed) 
pallets· 10-20% 
of mlllal fuel 
""" 
Sugar PI ne enbs 10·30%0£ 
Inlllal ruel mass 
Japanese cedar cnbs 20, 40 or 60% 
of initial fuel 
mass 
Sugar pine vcrtical 30-6O'Y. of 
", .. initial fuel mass 
Sl,ray type Flow rate 
(I.min I) 
Vertically downwards 
U7 < D. < 250}-Lrn 
230<Dn<430 }-Lrn 
Smgle horizontal water 
""" 
-----_._---
Honzontal spray. apphed 
manually 10 2 skies of erib 
VertIcally downwards -0 OS-O 4 
• , . 
" honzontal l107.1.ks 
Manual apphcalion of 
water stream 
2 horizontal no7.z\es 
Applitadon density 
(I.m·z. min I) 
o 16.().4 
,;," -0 I � 
ri," -0 IS � 
enbs ,;," -0 11-� 
o 14 (S % &. 2O'Y. pre-
burns respectively) 
pallets ,;,::., - 0  IS 
(all pre-bum values) 
,;,� -0 09 (' loose' 
"' .. , rirw.: - 0 J 8 ('dense' 
cnbs� 





Most cfflClent sprays 
were those WIUJ fine 
droplcts, high rates of 
water now &. high 






established to relate 
fuel consumed during 
SUppresSion 10 
apphcatlon mte and 
pre-bum rruw loss 
m::., was rcdooed WIth 
shorter prt-bum time 
and appllcallon from 
bottom to tOI! of crib 
Table A I .  (continued) 
Ref. Fuel & geometry Pre-burn Spray type 
(dlte) period 
159 UL standard wood 5-6 min 
( 199 1 )  cribs· , Manual attack with 
3-A: 57 kg hosereeU spray 
6-A: 96 kg " 
10-A: 187 kg " 
34 BS 5423:27A wood 8 min Manual attack with 
(1994) crib,A, - 24.3 m'l hosereel! sEra� 
160 10 kg wood crib (0.5 3 12 water mist nozzles 
(1992) x 0.5 x 2. 5m) 
161 2.7 cm diameter 60-120 �m spray droplets 
( 1 980) charcoal cylinders 
162 Various plastics: as - Horizontal & vertical 
( 1975) vertical slabs ( 178 x (downward facing) 
356 x 50 mm) and nozzles for slab & pool 
pool fires ( 178 x 178 fires respectively 
x 50 mm) 
163 Plastic cribs (made 0-5 min Vertically downward 
( 1994) from rods 15  mm spray 
diameter x 330 long) 
and foam plastic 
slabs 
164 Slabs (50 x 50 x 20 I min pre-heat Vertically downward 
( 1996) mm) of PMMA, PS & I min prc- spray; either dm - 200 �m 
& white pine burn or 400 �m < dm < 1000 
�m 
168 3-6 m high stacks of Spri nkIer heads 
(1985) wooden pallelS, cribs discharging vertically 

















ri':�c - 0.6-1.2 
. "  0 � mwc - O. 7 .26; 
for Q" = 0 
fit:;c - 0. 19-0.45; 
for (l" = 8.4 kW.m-2 
15-23 
lil::. - 0. 1 1  (pallcts), 
0.13 (cribs) & 0 18 
(cardboard boxes) 
Total Not •• 
water 
!Il 
6-10 For 'large ' fires, ';';:'C 
13-16 - 1 .7 1.m·2 mm·1 
22-90 
45 extinguished in 27 s 
Fires not extmguished 
- Enhanced burning 
observed due to 
dislocation of ash by 
mist imE:ingement 
- rit;c - 1 07 
Lmo2 min-I for 
polystyrene (PS) data 
extrapolated to (1" -
63 kW.m-' 
Extinguishment time 
oc pre-bum llO'te. 'wet 
water' yielded more 
rapid extinction 
- Extinguishment time 
decreased "ith higher 
now rate. approaching 
an asymptotic limit 
- Sce also equation (92) 
in Section 7 2.2 
Table A2 Summary of experimental data on water suppression and extinction of compartment fires 
Rd. 









htl &: ICOlMlry 
I SO mm cubed white 
pine cribs 
rotating 35 kg wood 
, . cnb(Ar- 1 m ). mf 
- 5-6 kg,min" 
Room Pre-burn Spny 'YI)t Flow nle Altpliution density Tolal 
,'OIUnK period (I.min" ) (I.m-l. min ') wller 
� m 
1.2 10 min 
' I] 
horizontal &. vcrtically 
downwards 
vcrtiarlly downward os, 
riI " - 4 -
os, 
Note. 
optimum drop SIZC, 
DlO - 300-400 �m 
fastest extinguishment 
WIth honzonlal sprays 
&: scaled compartment 
deep-seated fires not 




reduced by 15-18%. 
but fin: not 
ClI:lingul5hc:d 
oompartment wllh 15 2-4 min spray &. solKlJCI 10 - 0 67 1  mln'r;;tT 2 7·45 El!;lingurshmcnt tIme 
fibreboard walls &. - 20-24 sec for 5pI11yS 
CClhng &. $OlidjelS 
model room with 0 IJ 1 5-2 min spray &. sohdjet variable -':- 4-17 1 min"m-'" Spnys mon:cfficlcnt 
fibreboard walls &. thanjCts at all 
CClllng apphc:a\Jon rates> 1 6 
I.mln" m') . 0 8-1 6 
Lm') lotal watcr 
dch\'Cry advised for 
I}pcal room fim; 
174 \'CIllilalcd room " spray &. sohd jeC - '30 4 2 1  m,"'� " EliIlmClJOn water 
demand - I ) 1 m" (1955) containing rurnlture 







Fuel & geometry 
590 MJ.m·'wood 
fire·load: vented 
room, A - 19 m2, Av 
...., 6 m2 
I or 2 test rooms 
(3.66 x 3.66 x 2.44 m 
high), A' - 4 m'; 
Class ' A' fire-Ioad -
22 kg. m" 
176 commercial 
(1 970) occupancy 
179 20 kg wood crib in 
( 1986) particle board 
compartment - 2.4 x 
3.6 x 2.4 m high, A, 
_ 1.6 m' 
182 
( 1991) 
wooden crib fires� 
total mass - 194 kg, 
A,- 39.2 m' 
Qmax - 1 .8-2.6 MW 
Room Pre-burn Spray type Flow rate AI'I,lication density Total 
volume Ilcriod (I.min-I) (I.m-2• min-I) water 
� _ _  0) 
49 - 5 min solid jets & impinging jet 23-1 14 - 1 . 2-6 (based on noor 77 







sprays with 30° cone area) or (4 Lm-2) 
angle 0.5-2.3 l . min·' .on·' 
25 mm hosereel/spray 
38 mm hose-line/spray 
25-76 ( I  
room) 
68- 112  (2 
rooms) 
232 (2 
' n  mwc ...... 1.9 
- 5  








38 mm hose-line/spray 
Notes 
0.65 I. m" total water 
required for fire 
control (32 I) & 1.6 
l.m-) for extinction 
Maxjmum efficiency 
(0.3-O.9 l .m" ) 
Recommended rate 
(0.8-1.3 I.m" ) 
Maximum efficiency 
Recommended rate 
( 1 .6-3.2 I.n'-') 
Inefficient & control 
time not reduced 
control achieved at 
rates of - 6.5 l .m·' 
- 2 1  ..... 5-7 min jet nozzle (2 bar) 46 - 10.7 additional 1 7  I needed 
1 5  .... 12 min 
spray nozzle (2 bar) 
jet nozzle (2 bar) 







close to critical rate of 
- 7.8 x 1O" l .n'-' 
0.42 
0.93 ( .... li,:;c) 
2.0 





- Fire just controlled 
Fire extinguished 
easily 
T.ble A2 (continued) 
.... 







ht:1 &: ccotndr)' 
UL standard )-A 
wood cnb. 57-68 kg, 
wlthm 4 ) lI 2 ) lI 2  
m high room 
2 no 27A cnbs plus 
I no )4A crib to 
BSS42 Ar- 121 m1, 
maSl- 500 kg, A.­
• m' 
diesel pool &. diesel 
spray fires 
Room Pre-bum SprlY type F10w nle Aplllicalton den.ily Total Nolo 
,"otume period (I.mln·') ('-m·l• min·') wlter 
� . 
1 9 8  <: 1 5 mm 19 mm hoscrceu..'ari· 568 48 Waler volume for 
elllmglushmcnl found 
10 be 15·50 limes 
greater lhan sImllar­











<Q - . MW) 
.. • 76-227 
.. • 151-379 
vanous hoserecl systems 100 - 0 78 - HO Fire was elllm&\llshed 
with cone angles of 26° in - 2\1, minutes by an 
mounted on remote experienced 
firefighting rig; one test firefighter;; final 
used manual operation of extinction was not 
the braneh liS a control possible using only 
experiment tl� re� rig 
fine water spray nozzle 10 4-5 /If .. -0 06.(1 071 m:}" 
with 90° cone angle for 'large fires'; 
", .. -04-0 6 1  m '  for 
'small fires' 
